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Abstract
The Pleistocene archaeological record of mainland Southeast Asia (MSEA) is difficult to interpret, due to a
sparsity of dated sites and a lithic record that is ill-suited to typological analysis. These challenges are
compounded by the poorly constrained effects of tropical environments upon the deposition, preservation and
degradation of archaeological cave sediments. These uncertainties restrict the interpretative potential of
archaeological investigations, but the development of a rigorous, geoarchaeological framework of
interpretation that is tailored to tropical cave sites offers an opportunity to improve research outcomes in
MSEA and in tropical zones worldwide.
Con Moong Cave (henceforth CMC), a Pleistocene archaeological site in North Vietnam, provided a small-scale
example with which to explore the effects of tropical conditions upon archaeological site formation processes,
and the potential of micro-geoarchaeological methods to overcome the difficulties of site interpretation in
tropical zones. Research at CMC produced a depositional history for the site that revealed a correlation
between sedimentation, the intensity of human occupation and changes in regional precipitation, as
recognised in speleothem records in the published literature. Mineral suites from CMC’s guano deposits did
not conform to established models of guano-driven diagenetic change and suggested that fluctuating
hydrological conditions had led to diachronous episodes of mineral authigenesis. A shortage of reference data
relevant to these processes meant it was not possible to conclusively relate these results to sedimentary
palaeoenvironments or to understand their effects on assemblage taphonomy. Geo-ethnoarchaeological
experiments were conducted to generate such a dataset, to enable hypothesis testing of the models of
environmental changes at CMC and provide an assessment of the effects of tropical climates on sediment
diagenesis.
Experimental work indicated that fluctuating redox environments in guano deposits can produce suites of
minerals and micromorphological features similar to those observed at CMC, providing a potential explanation
for sites where soluble sulphate minerals are preserved in guano profiles alongside phosphate minerals that
indicate very wet and acidic conditions. This work has also begun to quantify the marked effects of simulated
tropical conditions upon the intensity of diagenetic change in guano profiles.
This thesis demonstrates the value of insights gained from micro-scale geoarchaeological investigations of
complex, diagenetically altered tropical cave sediments. It represents a significant step forward in our
understanding of human-environment interactions in the uplands of late Pleistocene MSEA and in our
understanding of the archaeological site formation processes that are active in tropical caves.
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“A tropical batcave is a nauseous place where the bats whistle and squeak through the air, a
continuous rain of fleas and excreta falls from the ceiling, the floor is a heaving, seething mass of
cockroaches and insects, and to cap it all a hideous stench rises from the guano wherever it is
disturbed.”
[Tony Waltham, The World of Caves]
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Thesis introduction
1.1 Background
As Pleistocene archaeological research increasingly focusses on tropical zones, the need to
understand the effects that tropical environmental factors may had have upon archaeological site
formation processes becomes more and more acute (Morley and Goldberg, 2017). Mainland
Southeast Asia (MSEA) is a tropical region that is dominated by karst landscapes. These preserve
many archaeological cave sites (Barker et al., 2005; Gillieson, 2005) and it has been suggested that
the region may have been an important theatre for hominin dispersals, interactions and adaptation
during the Pleistocene (Rasmussen et al., 2011; Boivin et al., 2013; Wurster and Bird, 2016; McColl et
al., 2018; Rabett, 2018; Teixeira and Cooper, 2019). The sedimentary records within these sites,
however, are commonly affected by a range of post-depositional biogeochemical processes to an
extent that makes their interpretation difficult or infeasible when using traditional archaeological
investigative techniques (Anderson, 1997; Barker, 2013; Gilbertson et al., 2013; Morley, 2017).
North Vietnam is situated at the northernmost extent of MSEA and its coastal plain potentially
formed a major route for north-south hominin dispersal and contact between East Asia and
Southeast Asia (SEA) throughout the Pleistocene, 2.58 million years ago (Ma) until 11.7 thousand
years ago (ka) (Demeter et al., 2003; McColl et al., 2018). However, while the surrounding limestone
uplands contain a wealth of hunter-gatherer archaeological sites, these have predominantly been
dated to 20 ka and later (Forestier et al., 2015; Zeitoun et al., 2019). The shell middens that are
characteristic of these cave sites reflect a subsistence strategy that was tailored to the upland forests
of this region, one that persisted through the turbulent environmental changes of the terminal
Pleistocene (about 15–11.7 ka) and into the Holocene (11.7 ka–present) (Clements et al., 2006; Mai
Huong and Van Hai, 2009; Rabett et al., 2017). Rabett et al. (2017) suggested these upland karst
areas may have provided forest refugia that were attractive to hunter-gatherer populations during
cold and arid periods, but such landscapes would have posed significant adaptive challenges to
dispersing human groups and they have been considered a persistent ecological barrier to early
dispersing Homo (Ciochon, 2010; Roberts and Amano, 2019).
Recent discoveries in the field of archaeogenetics suggest a complex demographic history of
dispersals, replacements and extirpations that preceded this terminal Pleistocene phase of
settlement in Vietnam (Sikora, 2017; McColl et al., 2018; Rabett, 2018; Teixeira and Cooper, 2019).
However, the scant archaeological remains characteristic of earlier Pleistocene periods in this region
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consist largely of scattered lithics and skeletal remains from sites with problematic stratigraphies
and/or poor preservation of archaeological and palaeoecological assemblages (Bacon et al., 2004,
2006, 2008; Corny et al., 2017; Demeter et al., 2017; Morley, 2017; Westaway et al., 2017;
Shackelford et al., 2018), so it is not currently feasible to reconstruct the environmental context,
settlement or subsistence practices of the regions earlier inhabitants with any accuracy (Rabett,
2018). It is unclear which species of hominins were present in MSEA before modern humans first
arrived (Ciochon, 2009; Dennell and Porr, 2014), though Homo erectus, Homo floresiensis, Homo
luzonensis and Denisovans (or their ancestors) have all been proposed. The chronology and mode of
subsequent episodes of modern human dispersal, interaction and adaptation also remain poorly
defined (Rabett, 2018).
Con Moong Cave (henceforth CMC) is a prominent regional site that contains a series of huntergatherer and early farmer shell middens and burials that date to the terminal Pleistocene and later
(Thong, 1980; Mai Huong and Van Hai, 2009; Su, 2009; Rabett, 2012; Higham, 2013, 2014).
Underlying these deposits are recently discovered Pleistocene sediments that contain animal bones,
lithics and combustion residues, offering a rare opportunity to understand archaeological and
ecological developments in North Vietnam and the wider MSEA region (Derevianko et al., 2014). It
was apparent, however, that these Pleistocene deposits have been subject to extensive postdepositional physical and chemical changes (Lam and Su, 2014), leaving a complex palimpsest of
archaeological and environmental signals that have proven difficult to disentangle using traditional
archaeological and sedimentological techniques of interpretation.
Micro-scale geoarchaeological methods that incorporate thin-section microstratigraphy, geochemical
characterisation and traditional sedimentological techniques, such as particle-size analysis, offer an
opportunity to tease apart the anthropogenic and environmental signals from complex sedimentary
records (Mentzer and Quade, 2013; Mentzer, 2014; Canti and Huisman, 2015; Mallol and Mentzer,
2017; Morley et al., 2017; Shahack-Gross, 2017), even where they have been subject to a range of
post-depositional diagenetic and taphonomic processes (Karkanas et al., 2000; Shahack-Gross et al.,
2004; Karkanas, 2010). Such techniques have rarely been incorporated into archaeological
investigations in MSEA, and the sedimentary record at CMC provided a chance to assess the potential
of a modern geoarchaeological approach to assist in the interpretation of these complex sedimentary
records. Furthermore, it provided an opportunity to assess what effects tropical conditions may have
had on the deposition, preservation and degradation of archaeological materials at CMC and similar
sites, thus having broad application to tropical zones worldwide (Morley and Goldberg, 2017).
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Geoarchaeological interpretations of cave sedimentation depend on a reliable body of reference data
that illuminate the relationships between depositional environments, post-depositional processes
and the suites of microstratigraphic sedimentary features and geochemical and mineralogical
signatures that occur in sedimentary records (Brochier et al., 1992). Due to the relatively limited
application of these methods in tropical zones, relevant reference data may not exist (Gupta, 2011;
Morley, 2017; Morley and Goldberg, 2017) and this makes it difficult to conclusively relate
observations from field and laboratory analyses of excavated sites to environmental and
anthropogenic processes in the past.
To address such concerns, geoarchaeological researchers have adopted experimental, geoethnoarchaeological approaches to understanding the effects of past environments upon the
preservation and degradation of archaeological sediments (Brochier et al., 1992; Friesem, 2016;
Friesem et al., 2016, 2017). Geo-ethnoarchaeology is an actualistic approach to understanding postdepositional processes that relies upon field studies in ethnographic contexts or laboratory- and
field-based reconstructions of depositional and post-depositional environments to observe the
action of natural processes of physical, chemical and biological degradation upon the preservation of
materials of archaeological interest (Shahack-Gross et al., 2003, 2011; Gur-Arieh et al., 2014;
Shahack-Gross, 2017). This provides a more solid basis for assessing the relationships between suites
of features, the characteristics of excavated assemblages and to past environmental changes at
archaeological sites.

1.2 Research aims
The research in this thesis is designed to fulfil two key aims.
1. To assess the potential of modern geoarchaeological methods to interpret problematic
archaeological records in the humid tropics, specifically those in North Vietnam and MSEA
more broadly.
This thesis will incorporate a multi-proxy geoarchaeological investigation of the Pleistocene
sediments at CMC, North Vietnam. By using a combination of thin-section microstratigraphy,
traditional sedimentological techniques and geochemical characterisation of excavated materials, the
evidence for environmental change and human activity preserved within the sedimentary record at
that site is assessed. This thesis aims to use that information to present a detailed Pleistocene history
of sedimentation at CMC and human-environment interactions in North Vietnam. The success or
failure of this endeavour is of great significance to the wider MSEA region and tropical zones more
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generally, where post-depositional diagenetic and taphonomic processes often impact the
interpretation of archaeological sites. If microstratigraphic methods can overcome some of these
difficulties, this strengthens the case for their routine incorporation into archaeological investigations
in tropical regions.
2. To assess the effects of tropical environmental conditions on the nature and pace of the
archaeological site formation processes that are active in archaeological caves in MSEA,
and the related impacts on archaeological site interpretation.
Improving our understanding of the archaeological records of North Vietnam, MSEA and tropical
zones more broadly would be assisted by the development of a geoarchaeological framework of
interpretation tailored to the specific environmental factors that affect the deposition, preservation
and degradation of archaeological sediments in these regions (Kourampas et al., 2009; Morley, 2017;
Morley and Goldberg, 2017). Accurate interpretation of features observed through field study,
microstratigraphic analysis and complementary geochemical techniques depends upon a reliable
body of reference data. This thesis aims to move towards a more complete understanding of the
effects of tropical climates and environmental factors on archaeological site formation processes by
carrying out actualistic, geo-ethnoarchaeological experimental work to complement the
geoarchaeological investigations carried out at CMC. The results of these laboratory experiments are
then used to inform interpretation of the CMC deposits.

1.3 Structure of this thesis
This thesis begins with a wide-ranging literature review. Chapter 2 places Pleistocene North Vietnam
within its regional environmental and archaeological setting, outlines the research questions that are
currently driving Pleistocene archaeological research in this region, and provides context for the field
study included in this thesis. Chapter 3 presents a short introduction to geoarchaeology as a
discipline, exploring the history and development of geoarchaeological methods and research
questions. By focussing on microstratigraphy and related techniques, the key elements that comprise
a modern geoarchaeological approach to cave sediment interpretation are outlined. Uncertainties
related to archaeological site formation processes in tropical zones are discussed, with reference to
prominent Southeast Asian examples from the published literature.
Two subsequent chapters contain the original research component of this thesis. Chapter 4 presents
a geoarchaeological investigation of the Pleistocene sediments at CMC, North Vietnam; This work
was published as a journal article in Geoarchaeology (McAdams et al., 2020). This multi-proxy,
5

microstratigraphic investigation of a prominent regional site demonstrates the efficacy of this
approach to help interpret a complex sedimentary record of changing depositional environments and
human-environment interactions over time. Some of the layers from a guano deposit at CMC
contained features suggestive of diachronous episodes of diagenetic change caused by waterlogging.
But with few appropriate reference data for comparison, it was not possible to conclusively relate the
observed features to specific processes of physico-chemical change.
Chapter 5 presents a laboratory-based geo-ethnoarchaeological approach to understanding the
sedimentary environments that develop in tropical, waterlogged guano deposits. This work applies a
combination of thin-section analysis, optical microscopy, scanning electron microscopy and
geochemical characterisation to laboratory analogues of the waterlogged guano deposit at CMC. The
results are used to assess developing sedimentary environments and the progressive alterations that
affect a range of archaeologically important materials, including bone, carbonates, clay aggregates
and charcoal over the course of 24 months. A series of samples were designed as controls, providing
useful data for quantifying the relative effects of other environmental factors including burial
medium, humidity and temperature.
Chapter 6 presents a synthesis of the work conducted in this thesis and the two original research
aims are re-evaluated in terms of the new insights gained from the field and laboratory
investigations. Areas where uncertainties persist are discussed and suggestions made for further
work to address the remaining open questions regarding the human settlement of MSEA, and the
tempo and mode of archaeological site formation in the humid tropics.
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Of seeing woods through trees: understanding the
archaeology and environments of Pleistocene North
Vietnam in their regional context
2.1 Introduction
North Vietnam is situated at the northern extent of SEA and its coastal plain formed a major Northsouth route of faunal mixing throughout the Pleistocene (Fig. 2.1a–c; Sterling et al., 2006: 45;
Wurster and Bird, 2016). This may have facilitated Pleistocene hominin dispersal between East Asia
and SEA (Marwick, 2009; Dennell and Porr, 2014), but Vietnam’s forested uplands likely presented
significant adaptive challenges to dispersing hominin groups (Roberts and Amano, 2019). By the end
of the Pleistocene, modern humans were employing sophisticated strategies of resource
management throughout this area, depositing shell middens and burying their dead in caves (Piper
and Rabett, 2009b; Rabett, 2012; Piper and Rabett, 2014). Despite a long history of research and a
wealth of archaeological sites, however, preceding phases of hominin dispersal, adaptation and
interaction within these challenging landscapes remain obscure (Morley, 2017; Rabett et al., 2017;
Rabett, 2018).
As in the wider SEA region, the sedimentary records in Vietnam’s caves present difficulties of
interpretation due to the nature of occupational activity represented, but also the influence of
tropical weathering processes that leave few environmental or archaeological proxies intact
(Anderson, 1997; Morley, 2017; Morley and Goldberg, 2017). The resulting stratigraphic and
taphonomic complexities that are characteristic of this region have led to an acute shortage of
reliably dated sites (Barker et al., 2005). The lack of robust chronologies means that variations in site
type, subsistence strategies and developments in lithic technology remain unconstrained,
temporally, and cannot be linked to demographic or environmental factors (Marwick, 2009; Rabett,
2018).
This chapter is not meant to be an exhaustive synthesis, but it places Pleistocene developments in
North Vietnam within their regional archaeological and environmental contexts and outlines the
need to further resolve the complex history of hominin dispersal and adaptation in North Vietnam
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and MSEA, more generally. The gaps identified from this review provide the archaeological impetus
for the original research carried out in this thesis.

2.2

Environmental background

Focussing on North Vietnam as a region where long-term geological history and Quaternary climate
change have had marked effects upon the evolution and distribution of Pleistocene biota (Sterling
and Hurley, 2005; Viet, 2008; Trong Quang Bich, 2009), this section outlines the geological history
and physiography of SEA, including southern China, along with Pleistocene developments in regional
climate and biogeography.
2.2.1

Geological context

Hutchison (1989) attributes the formation of SEA’s major geographical features to the Triassic
suturing of the Sinoburmalaya lithospheric plate (also known as Sibumasu), which had rifted from
the Australian part of Gondwanaland, onto Cathaysia, which is made up of Indochina and South
China (Dickins and Tien, 1997). This resulted in the Indosinian Orogeny, the processes of uplift and
mountain building which formed the majority SEA’s extant landmass (Hutchison, 2005).
The Sundaland continental core consists of southern Indochina, The Thai-Malay Peninsula, Sumatra
and the Sunda shelf. This geological zone forms the interior of SEA and is comparatively free of
seismicity and volcanism (Hall, 2009). This landmass has been subject to significant deformation
during the Cenozoic (Metcalfe, 2002; Hutchison, 2005). The collision between India and Eurasia has
extruded the Indochina Plate towards the southeast (Fig. 2.2) and caused extensive, orogenic
faulting and folding, resulting in a series of northeast/southwest-oriented ridges and valleys
(Tapponnier et al., 1986). These were well-developed by the early Pleistocene (2.59–0.78 Ma; Cohen
et al., 2019) and form the dominant features in MSEA’s physical geography today (Gupta, 2005b).
North Vietnam covers the boundary of the colliding South China and Indochina Plates (Fig. 2.2;
Tapponnier et al., 1990). The Hanoi basin is the dominant feature in the North Vietnam plain, a
coastal lowland with a large inland extension that follows the structure-guided Red River valley (Figs
2.1c; 2.2), marking the associated northeast/southwest-oriented subduction zone (Tran, 1995;
Gupta, 2005a). West of the Red River, the Hoan Lien Son Range runs southeast for approximately
675 km from the Chinese border. This granite formation represents the southeasternmost extension
of the Himalayan Range (Sterling et al., 2006: 157). The Annamite Cordillera is a rugged, north-southoriented mountain range formed from uplifted Triassic volcanic and sedimentary rocks. This
mountain range flanks Vietnam’s narrow coastal plain, acting as a long-term barrier to east-west
9

Figure 2.1: (a) North Vietnam in its regional geographical context (Source: Esri, USGS, NOAA). Approximate extent of panels
b and c marked with red rectangle; (b) Satellite photographic map of North Vietnam and surrounding countries (Source:
Esri, DigitalGlobe, GeoEye, EarthstarGeographics, CNES/AirbusDS, USDA, USGS, AeroGRID, IGN and the GIS); (c)
Topographic map of North Vietnam and surrounding region (Source: Esri, USGS, NOAA). Red-and-yellow star marks Hanoi,
located within the Hanoi basin. Red dashed line marks approximate boundary of the Annamite Cordillera. Green dashed
line shows position of Red River.

Figure 2.2: Major Cenozoic fault zones in eastern Asia, showing collision of India with Eurasia and extrusion of Indochina to
the southeast. Taken from Tran (1995).
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biotic dispersal (Fig. 2.1c).
To the south, the Australian continent is continuing to collide with the easternmost part of Eurasia
as it moves northwards, forming a subduction zone under the Sunda shelf (Hutchison, 1989; Hall,
2009). Between Sundaland, Australia and the Pacific Ocean is Wallacea, a Cenozoic arc of volcanic
and non-volcanic islands related to this subduction system (Hutchison, 1989). It is the most
geologically complex zone of SEA and has changed considerably during the Cenozoic.
To the north, China consists of three Precambrian cratons: the Tarim Block, the South China Plate,
and the North China Craton (Zhao and Cawood, 2012). These cratons are separated by orogenic
belts, such as the Qinling Range, that have formed between them as they fused together. These
mountains form persistent environmental barriers that have constrained the dispersal of flora and
fauna throughout the Pleistocene.
Karst landscapes of SEA
Extensive karst formations are found across SEA and southern China, covering an area of 400,000
km2 and ranging from Cambrian to Quaternary in age (Gillieson, 2005). These make the region a
prime location for archaeological prospection (Morley, 2017), as caves may mitigate against tropical
weathering processes (Barker et al., 2005). Regional karst types are distinguished by the presence or
absence of a karst plain between the hills (Fig. 2.3), rather than the morphology of the upstanding
landform (Waltham, 2008). Fengcong (often equivalent to cone karst) refers to karst hills separated
by closed depressions (dolines) that form a continuous terrain of steep slopes (Huang et al., 2014). A
variant is fengcong-valley karst, where there is greater interconnection between the dolines
(Waltham, 2008). Fenglin (often equivalent to tower karst) refers to isolated karst hills rising from a
plain of limestone bedrock that is covered by alluvium (Smart et al., 1986), while Gufeng refers to
isolated karst towers on an alluvial plain, resulting from dissection of fenglin by meandering rivers
(Gillieson, 2005).
Karst in North Vietnam
Karst formations cover around 20% (60,000 km2) of Vietnam as a whole, in the north (Fig. 2.4) they
stretch for 400km from the Chinese border in the Northwest to the eastern coast (Gillieson, 2005).
Due to the area’s tectonic history of rifting and collision, these carbonate rocks have been subject to
differential histories of folding, faulting and neotectonic movement (Khang, 1985; Tran, 1995;
Quang, 2009), which have combined with differences in limestone composition and varied climatic
conditions to produce a wide variety of karst landscapes (Gillieson, 2005).
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Figure 2.3: Sequence of karst landscapes in the Guilin area of China, which is similar to that found in North Vietnam. Taken
from Gillieson (2005).

Figure 2.4: Geological map showing major karst areas and faults in North Vietnam. Taken from Khang (1985).
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Triassic limestones dominate the carbonate formations of North Vietnam, with thick limestone
strata (including the Đông Giao and Mường Trai Formations) displaying marked karstification due to
the prevailing tropical/subtropical climates, dense vegetation and thick soil cover (Gillieson, 2005).
They stretch from the northwest border of Vietnam, along the south of the Hanoi basin where they
border the upper extent of the Annamite Cordillera in the region of Hương Tích (Khang, 1985).
Karst landscapes of Cúc Phương National Park
Cúc Phương National Park is a protected area of densely forested fengcong and fencong-valley karst
upland (150–650 m asl) to the south of the Hanoi basin (Rugendyke and Son, 2005). This area
provides a useful, small-scale example to examine North Vietnam’s karst uplands, with two
limestone ranges flanking a broad, flat valley that is wide at the western end but narrows to a
canyon in the east (World Conservation Monitoring Centre, 1989). This karst landscape is formed in
the extensively folded and faulted Triassic limestones of the Dong Giao Formation. To the northwest
the park is bordered by other forested limestone uplands, the foothills of the Annamite Cordillera
(Quang, 2009). Drainage is predominantly subterranean and extensive cave systems are formed
throughout the Park and surrounding limestone ranges, which preserve prominent archaeological
sites including CMC. To the south and east the park is surrounded by the lower, relatively flat and
densely populated southern part of the Hanoi basin.
2.2.2

Climate

SEA has a predominantly tropical climate that is dominated by the Asian Monsoon system (Chuan,
2005), consisting of the East Asian summer monsoon (EASM), the Indian Ocean summer monsoon
(ISM) and, to a lesser extent, the western North Pacific summer monsoon (WNPSM) subsystems (Fig.
2.5; Chabangborn and Wohlfarth, 2014; Chabangborn et al., 2018). Island Southeast Asia (ISEA) and
MSEA provide useful climatic subdivisions, due to pronounced variations in land/sea distribution
between continental zones (Fig. 2.6; Chuan, 2005; Hastenrath, 2012). To generalise, ISEA has a more
uniformly humid, equatorial climate, while MSEA has relatively cool, dry winters and hot, wet
summers (Wang, 2002; Wang et al., 2005; Chabangborn et al., 2018). To the north, a substantial
zone of subtropical climate extends from MSEA into China, south of the Qinling Range, where coastal
lowlands allow inland penetration of moisture-laden EASM winds (Kottek et al., 2006).
MSEA is situated at the poorly defined boundary between the ISM and the EASM (Fig. 2.5; Wang,
2002). These monsoon subsystems are driven by seasonally reversing differences in atmospheric
pressure between the South Asian Landmass and the Indian Ocean to the west (the ISM) and
continental East Asia and the Pacific Ocean to the east (the EASM) (Wang et al., 2005; Chabangborn
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and Wohlfarth, 2014). MSEA’s wet period lasts from May to October, while the winter monsoon
brings cooler, drier air from continental Eurasia to MSEA from November to March (Chuan, 2005).
Climate of North Vietnam
North Vietnam is situated at the north-eastern extent of SEA, at an interface between tropical and
subtropical climatic zones (Kottek et al., 2006). North Vietnam today has a predominantly
subtropical climate (Kottek et al., 2006), but relief plays a dominant role in governing local
precipitation (Sterling et al., 2006: 157; Chabangborn and Wohlfarth, 2014). Upland areas, such as
those flanking the Red River delta, can receive wet season precipitation levels approaching those of
wet tropical settings, and this is reflected in the local soils, geomorphological features and ecologies
(Table 2.1; Trong Quang Bich, 2009). While summer precipitation levels are high, the latitude of
North Vietnam, extending to ~22.5° N, allows for a strong winter monsoon, creating an extended
and frigid dry season (Chabangborn et al., 2018).
2.2.3

Ecology of North Vietnam in regional context

Rather than a natural biogeographic unit, SEA is situated at an interface between several
biogeographic zones that are divided by ecological barriers of varying permeability (Fig. 2.7: Corlett,
2005; Morwood, 2014). While the flora and fauna of the region form a series of ecological mosaics,
characterised by varied communities intersecting within a small geographical area (Wurster and
Bird, 2016), its unifying trait is the prevalence of forest ecologies, excepting the highest mountains
and a few rain-shadow areas (Corlett, 2005). Prior to the impact of agricultural activity, Holocene
forest ecosystems were ubiquitous in the region, and coastal and flood plain ecosystems formed the
only permanent, non-forested environments (Corlett, 2005).
Within the forest communities of SEA, vegetation types are predominantly controlled by two
environmental gradients: water availability and temperature (Corlett, 2005). Areas without annual
water stress support evergreen, tropical lowland forest communities, while less-diverse and lowercanopied tropical seasonal forests characterise areas with a regular dry period (Corlett, 2005).
Vietnam’s coastal plain and the Red River valley form two plausible routes of north-south dispersal
that are situated near the interface between the Oriental and Palaearctic biogeographic realms and
between the biogeographic units of South China, Indochina and Coastal Indochina (Sterling et al.,
2006: 45). North Vietnam can be considered a ‘zoogeographic ecotone’ through which elements of
Palearctic and Indo-Malayan faunas have mixed, forming a crossroads for South Asian and East Asian
floras. However, the extent and diversity of North Vietnam’s forest ecosystems,
14

Location

Elevation (m
a.s.l.)

Rainfall p.a. (mm)

Maximum
temperature (°C)

Minimum
temperature (°C)

Latitude (°N)

Hanoi

5

1674

29

17

21.0278

Thanh Hoa

5

1742

29

17

19.8067

Kim Boi

100

2256

28

16

20.6901

Bac Quang

74

4802

28

15

22.2616

Hoang Lien Son

2170

3552

16

7

22.3333

Thai Nguyen

100

2108

29

15

21.4000

Cuc Phuong

100

2100

21

9

20.3167

Table 2.1: Climate data for locations surrounding Hanoi basin in North Vietnam. Temperature data based on monthly
averages. Data collated from Sterling et al. (2006); http://www.climate-data.org

15

Figure 2.5: Geographical ranges of Asian monsoon subsystems. ISM indicates Indian summer monsoon, EASM indicates
East Asian summer monsoon, WMPSM indicates western North Pacific summer monsoon. Taken from Wang (2001).

16

like those of the wider region, have been severely reduced by agricultural activity, so their
distribution relative to other environmental factors is difficult to assess (MacKinnon, 1997).
Subtropical broadleaf evergreen forest once covered much of the low-altitude area of this
ecoregion, but, due to human impact, little of it remains intact and, as a result, many basic questions
about biodiversity remain unanswered (Sterling et al., 2006: 71). While distinct ecoregions have
been identified in North Vietnam’s uplands, all support a mixture of tropical and subtropical
broadleaf forest species (Fig. 2.8; Olson and Dinerstein, 1998; Omernik, 2004). In general, tropical
seasonal rain forest, tropical montane rain forest and evergreen broad-leaved forest form a
replacement sequence driven by declining drought stress with increased elevation, whereas
monsoon forest over limestone and monsoon forest on river banks are determined by specific
environmental factors (Cao and Zhang, 1997; Carpenter et al., 2001).
The extreme hydrological and edaphic conditions of karst environments mean the flora in forest
over limestone must be extremely hardy and drought tolerant (Rabett et al., 2017). Karst areas
support shorter-stature and less tree-diverse forests (Corlett, 2005). But due to the high density of
ecological niches afforded by the varied and complex terrains, forest over limestone can support
extremely high floral diversity with rich herbaceous taxa (Clements et al., 2006). Invertebrates in
karst areas may also be speciose, particularly those with low dispersal capabilities or biological traits
that favour calcium-rich environments, such as land snails. Invertebrate cave fauna, particularly
troglobytes, are likely to show high levels of endemism (Clements et al., 2006); and while
vertebrates generally have more dispersal capability than invertebrates, many have adaptations to
karst habitats, and caves often attract large communities of bats (Clements et al., 2006).
Ecology of Cúc Phương National Park
Dense, lowland rainforest with a 70 m-high, multi-layered canopy and a high incidence of ferns and
orchids is found in Cúc Phương’s humid central valley (World Conservation Monitoring Centre,
1989). These tropical communities survive due to the sheltered aspect, high soil fertility and
retention of high humidity. Forest over limestone crests is less tall and less luxuriant, but the highest
emergent layer may reach 40-50 m in height, with five separate canopy layers that contain diverse
resources, including fruits, nuts, edible shoots and medicines. Cúc Phương lies in West Tonkin, one
of the richest faunal regions of Vietnam and its diverse forests may currently support as many as 300
species of birds, 65 species of mammal, 37 species of reptile and 16 species of amphibian, some of
which are rare and endangered (Trong Quang Bich, 2009). The Park historically supported Asiatic
black bears, wild dogs, elephants, rhinoceroses, and tigers, but anthropogenic habitat destruction
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Figure 2.7: Approximate boundaries of biogeographic subregions within Southeast Asia, based on Wallace (1876). Taken
from Woodruff (2010).

Figure 2.8 Distribution of terrestrial ecoregions in North Vietnam and surrounding area, based on dataset from Olsen et al.
(2001).
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and hunting has led to their decline. Leopards, clouded leopards and jungle cats may still be present.
2.2.4

Quaternary Climates

The Quaternary is the period of pronounced climatic instability that encompasses the Pleistocene
(~2.58 Ma–11.7 ka; Cohen et al., 2014; Cohen and Gibbard, 2019) and Holocene (11.7 ka–present;
Cohen and Gibbard, 2019) epochs, and can be divided into warm and cold periods, named
interglacials and glacials respectively (Cohen et al., 2014). These climatic shifts were cyclical and
driven by variations in the Earth’s orbit (Milankovitch cycles; Lowe and Walker, 2014), which led to
changes in insolation that were modulated by the varied feedback mechanisms that comprise
Earth’s environmental systems. Cold and arid conditions prevailed during glacial periods, resulting in
increased global ice volume and depressed sea levels, while the interglacials were shorter, warm
periods that corresponded with glacial retreat. While the timing of related climate changes varied
between regions, the Marine Isotope Stage (MIS) timescale, based predominantly on oxygen isotope
values from planktonic formanifera in marine sediment cores (Lisiecki and Raymo, 2005), represents
a global standard by which other Quaternary records are commonly correlated (Fig. 2.9; Sowers,
2000).
The early Pleistocene was marked by a cooling trend, but orbitally forced climatic ﬂuctuations were
dominated by the higher frequency, lower amplitude precession cycle (~41 ka in length) and only 14
of the 41 early Pleistocene cold stages show evidence of major glaciations (Fig. 2.9; Ehlers and
Gibbard, 2007). The influence of the higher amplitude, lower frequency eccentricity cycle (~100 ka in
length) increased from ~1.2 Ma, and dominated after ~0.8 Ma (Willeit et al., 2019). This led to more
pronounced glaciation during cold periods from around 880–870 ka, resulting in northern
hemisphere ice volumes comparable to those of the late Pleistocene (126–11.7 ka). Superimposed
upon the large-scale shifts between glacial and interglacial conditions are lower-amplitude climatic
shifts known as stadials and interstadials (Richmond and Fullerton, 1986), as well as short-lived
periods of extremely cold and arid conditions associated with Heinrich events at high northern
latitudes (Hemming, 2004).
Pleistocene climate of SEA
Glacio-eustatic sea level fluctuations have profoundly affected SEA’s geography and climate
throughout the Quaternary. For much of the Pleistocene, the Sunda shelf was exposed to a greater
extent than today. Glacio-eustatic depression of ~120 m at the Last Glacial Maximum (LGM; about
26.5–15 ka; Clark et al., 2009) connected today’s MSEA to the present-day islands of Sumatra, Java,
19

Figure 2.9: Five million years of climate fluctuations reconstructed from δ18O levels measured in benthic foraminifera.
Equivalent Vostok ∆T denotes reconstructed temperatures at the Vostok ice core in East Antarctica. Vector image created
by R. A. Rohde, 2005, based on dataset from Lisiecki & Raymo (2005). Taken from
https://en.wikipedia.org/wiki/Marine_isotope_stage#/media/File:Five_Myr_Climate_Change.svg.

Figure 2.10: Approximate position of coastline during periods of reduced sea level, with dashed lines denoting
biogeographic barriers. Huxley’s Line, Wallace’s Line and Lydekker’s Line are denoted by “A”, “B” and “C”, respectively.
Taken from Détroit et al. (2001).
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Borneo and possibly Palawan (Fig. 2.10; Voris, 2000; Wurster and Bird, 2016). The exposed landmass
that incorporated the exposed Gulf of Thailand and the continental shelf east of Malaysia and north
of Borneo, is known as Sundaland (Molengraaff, 1921). The Vietnam shelf, extending from the
Vietnam coast along the western margin of the South China Sea, was also exposed, with a maximum
area of ~700,000 km2 during the LGM (Schimanski and Stattegger, 2005). Today’s SEA is, therefore,
unrepresentative of the region during the majority of the Pleistocene (Woodruff, 2010), when
regional land area was 1.5–2 times greater. The post-glacial inundation has also left anarchaeological
record biased towards what would have been inland and upland areas, raising questions about the
archaeology of the drowned coastline and lowlands. Between Sundaland and Sahul (the continent
comprising modern-day New Guinea and Australia), Wallacea consists of islands that remain
unconnected to either continent throughout the entirety of the Pleistocene, forming a persistent
maritime barrier to dispersing fauna, including hominins (Fig. 2.10; Morwood, 2014).
Although the chronology of regional-scale exposures and inundations is relatively well-resolved
(Voris, 2000), landscape-scale palaeoenvironmental reconstructions prior to the LGM remain coarse
and non-contiguous (Barker et al., 2005; Wurster et al., 2010; Wurster and Bird, 2016). The
Pleistocene exposure of large expanses of continental shelf presented barriers to the oceanic
processes of heat transfer that drive summer monsoon circulation (Rohling et al., 2009; Clemens et
al., 2010; Chabangborn et al., 2018). High-resolution isotopic records of EASM and ISM intensity
indicate lower precipitation values across the exposed continent and the prevalence of more
continental climatic conditions throughout glacial periods (Fig. 2.11). Shorter periods of very weak
summer monsoon signal also correlate with the millennial-scale shifts to colder conditions
recognised in northern hemisphere ice-core records (Cai et al., 2006, 2015; Rohling et al., 2009;
Zhang et al., 2017; Chabangborn et al., 2018).
Pleistocene biogeography of SEA
It is increasingly apparent that Pleistocene SEA was characterised by a shifting mosaic of forest and
savannah ecosystems (Wurster et al., 2010; Wurster and Bird, 2016), the distributions of which
varied in response to climatic shifts (Bird et al., 2005; Bird et al., 2007). While SEA was historically
dominated by diverse forest communities, biogeographical evidence suggests a significant ecological
barrier prevented dispersal of forest-adapted species between eastern and western Sundaland, even
when land bridges existed. Examples include the deep genetic divergence of Orang-utan populations
from Borneo (Pongo pygmaeus) and Sumatra (Pongo albelii), despite the existence of a terrestrial
connection for most of the Pleistocene (Arora et al., 2010). Meanwhile, endemism in Bornean bird
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Figure 2.11: (a) The speleothem δ18O record of Indian summer monsoon intensity from Xiaobailong Cave, southern China.
Different colours denote individually sampled speleothems. Grey dashed line denotes summer insolation values at 30°N.
(b) Composite speleothem δ18Oc records of East Asian summer monsoon intensity from Hulu cave (dark green), Dongge
Cave (blue), Sanbao Cave (sky blue), and Linzhu Cave (light green). (VPDB refers to the laboratory standard used for
calibration) Adapted from Cai et al (2015).
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populations suggests the persistence of rainforest refugia in some locations (Arora et al., 2010).
Wurster and Bird (2016) note that this barrier did not prevent the dispersal of open-habitat biota,
supporting the grassland corridor hypothesis of Heaney (1991).
SEA’s early and middle Pleistocene fauna
Data related to early and middle Pleistocene environmental conditions within MSEA exists at an
extremely coarse chronological resolution. Traditional environmental proxies do not preserve well
under SEA’s tropical climate regime, and the records that do exist are predominantly from
archaeological sites that suffer from complex stratigraphic and taphonomic factors (Wurster and
Bird, 2016). Broad scale shifts in Sundaic Pleistocene faunal communities have been evident for
some time (Table 2.2). Faunal assemblages from Trinil and Kedung Brubus, on Java, contain taxa that
are absent from earlier, unbalanced island faunas, such as that from Satir, and later, rainforestadapted faunas that date to MIS 5 (~130–71 ka) and later (van den Bergh 1996; Marwick 2009). Van
den Bergh et al. (1996) surmised that the Trinil and Kedung Brubus faunal assemblages represent a
major faunal turnover in Java, associated with lower sea levels and an expansion of open woodland
habitats under generally drier conditions than present. This was thought to correspond with the
pronounced intensification of glacial periods at ~8 Mya (Van den Bergh et al. 1996), but the Trinil
fauna has been dated to ~0.5 Mya by Joordens et al. (2015), which indicates this turnover took place
later in the middle Pleistocene.
Faunal evidence from Pleistocene Indochina has been less easy to interpret. Across MSEA, the
longevity of the Stegodon-Aileuropoda fauna has been considered evidence that humid forest
ecosystems persisted throughout the Pleistocene (Ciochon, 2009; Ciochon, 2010), but Pleistocene
climate shifts would have had significant effects upon forest compositions (Wurster and Bird, 2016).
In southern China, fossil faunas indicate that subtropical conditions prevailed during the early
Pleistocene, but their absence during the Middle Pleistocene indicates a southward retreat of the
subtropical biome in response to the general cooling trend (Bar-Yosef and Wang, 2012; Bar-Yosef,
2015). Louys and Roberts (2020) used δ13C and δ18O values from a range of modern and historical
mammal specimens to calibrate dietary reconstructions based on previously published isotopic
measurements from fossils in SEA. Their results indicate C3 vegetation predominated in Indochina
during the early Pleistocene, while a mix of open and closed ecosystems were distributed across the
Sunda region. During the middle Pleistocene there was an expansion of open habitats across SEA,
and in Indochina very few samples returned values consistent with closed-canopy environments at
this time.
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Site

Location

Depositional
environment

Estimated Age

Species present (examples)

Environmental association

References

Trinil, Java

7.3762° S,
111.3553° E

River terrace

0.5 Ma

Stegondon trigonechephalus,
Duboisea santeng, Homo
erectus

Open woodland

van den Bergh et al., 1996; Joordens et al.,
2015

Satir, Java

7.328087°
S,108.3445° E

sandstone

1.5–2 Ma

Sinomastodon, Cervids

Island environment, mangroves

Van den Bergh et al., 2001

Ngandong, Java

7.0274° S,
112.0059° E

River terraces

Late Pleistocene

Stegondon trigonechephalus,
Elephas hysudrindicus

Open woodland

Bartstra, 1987; van den Bergh et al., 1996;
Van den Bergh et al., 2001; Dennell, 2005;
Westaway et al., 2007; Yokoyama et al.,
2008

Kedung Brubus,
Java

7.4516° S,
111.7021° E

Cave sediment

0.8–0.7 Ma

Stegondon trigonechephalus,
Elephas hysudrindicus

Open woodland

van den Bergh et al., 1996

Punung, Java

8.1218° S,
111.0341° E

Series of cave
sites

125–60 ka

Pongo, Hylobates, Homo sp.

Humid forest

Westaway et al., 2007

Mohui Cave,
Guanxi, China

23.5815° N,
111.002° E

Cave sediment

Early pleistocene

Stegodon-Alieuropoda faunal
complex, Gigantopithecus
blacki, Hominoidea gen. et sp.
indet.

Humid forest

Ciochon, 2009, 2010

Jianshi Hubei,
China

30.654° N,
110.074° E

Cave sediment

Early Pleistocene

Stegodon-Alieuropoda faunal
complex, Gigantopithecus,
Hominoidea gen. et sp. indet.

Humid forest

Ciochon, 2009, 2010
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Longguppo,
Sichuan, China

31.0748° N,
109.8792° E

Cave sediment

Multiple periods

Stegodon-Alieuropoda faunal
complex, Gigantopithecus,
Hominoidea gen. et sp. indet.

Humid forest

Ciochon, 2009, 2010

Sanhe Cave,
Guanxi, China

39.9827° N,
117.0783° E

Cave sediment

1.2 Ma

Stegodon-Alieuropoda faunal
complex, Gigantopithecus,
Hominoidea gen. et sp. indet.

Humid forest

Ciochon, 2009, 2010; Jin et al., 2009

Nihewan basin

40.1005° N,
113.9775° E

Open-air sites

Early Pleistocene,
~1.6 Ma

Elephas, Equus, Pachycrocuta,
Cervus, Homo erectus

Open lakelands

Bar-Yosef and Wang, 2012; Bar-Yosef, 2015

Lang Trang,
Vietnam

22.133° N,
104.983° E

Cave sediment
(breccia)

285–185 ka

Stegodon-Alieuropoda faunal
complex, Pongo pymaeus

Humid forest

Ciochon, 2009, 2010

Tham Kuyen,
Vietnam

21.8537° N,
106.7615° E

Cave sediment

Middle
Pleistocene

Stegodon-Alieuropoda faunal
complex, Pongo, Hylobates,
Hominoidea gen. et sp. indet.

Humid forest

Ciochon, 2009, 2010

Ma U’oi, Vietnam

20.5991° N,
105.2809° E

Cave sediment

~193–49 ka

Stegodon-Alieuropoda faunal
complex, Homo sp.

Humid forest

Demeter et al., 2005; Bacon et al., 2006

Duoi U’oi,
Vietnam

20.5991° N,
105.2809° E

Cave sediment

Late Pleistocene

Stegodon-Alieuropoda faunal
complex, Homo sp.

Humid forest

Bacon et al., 2008; Bacon et al., 2018

Table 2.2: A selection of Pleistocene faunal assemblages from Southeast and East Asia.
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Rainforest cover across Sundaland’s exposed area may have diminished overall during glacial periods
(Wurster et al., 2010), but some statistical models suggest that the exposed Vietnam Shelf may have
supported enough rainforest to increase SEA’s forest cover relative to today (Cannon et al 2009 in
Wurster and Bird, 2016). This would imply that modern forests are the fragmentary refugia of
Pleistocene glacial period ecosystems (Woodruff, 2010), however, modelling approaches applied to
SEA demonstrably suffer from overestimation of forest cover and require rigorous testing against
proxy records (Wurster and Bird, 2016).
Late Pleistocene environmental changes in SEA
Late Pleistocene environmental changes are somewhat better resolved than those of preceding
periods, but considerable uncertainty nonetheless persists. During the last interglacial (MIS 5, 130–
71 ka; Lisiecki and Raymo, 2005), similar climatic conditions and sea levels to the present day are
inferred, and faunal evidence suggests an expansion of rainforest habitats across ISEA (Westaway et
al., 2007). MIS 4 (71–57 ka; Lisiecki and Raymo, 2005) and MIS 3 (57–29 ka; Lisiecki and Raymo,
2005) were characterised by relatively open environments across much of Sundaland (Wurster and
Bird, 2016).
Currently, evidence suggests that late Pleistocene forest ecosystems dominated MSEA’s uplands
until MIS 2 (29–11.7 ka; Lisiecki and Raymo, 2005). Bacon et al. (2018) present analyses of faunal
assemblages that were recovered from breccias in Nam Lot Cave in Laos (~1100 m asl) and Duoi U’Oi
Cave in North Vietnam (~40 m asl). Nam Lot dates to MIS 5 and can be considered evidence for a
mosaic of ecosystems, dominated by forest of varying types, based on faunal associations and stable
isotopic analyses. The faunal assemblage in Duoi U’Oi Cave indicates that forest persisted through
the MIS 5/4 transition, but Bacon et al. (2018) suggest relatively cool and wet conditions resulted in
a forest composition that limited the area’s capacity to support large ungulate species, such as
Stegodon orientalis, that characterise earlier faunas. Milano et al. (2018) present records of
precipitation and vegetation change, based on δ18O and delta δ13C ratios from mollusc shells
excavated at Tam Pa Ling Cave in Laos (~1120 m asl). Their results broadly correspond with the
Chinese speleothem data (e.g. Cai et al., 2015) and indicate that late MIS 4 and MIS 3 in Laos were
also relatively wet periods.
Milano et al. (2018) noted that Arvicolinae (rodents favouring drier, montane environments) are
present from around 42–52 ka at Tam Pa Ling, diversifying from ~36–21 ka alongside an increase in
grass pollen from 33 ka and a 43% reduction in C3 vegetation inferred from δ13C ratios. Marwick and
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Figure 2.12: Environmental reconstruction for Sundaland and western Wallacea during MIS 2, with shoreline based on
100 m isobaths. Contours show precipitation difference from annual mean (solid: −4 mm/day and dashed: −2 mm/day).
Yellow symbols and area indicate open vegetation (savannah) and green symbols and area indicate closed forest areas
were interpreted for the LGM. Yellow diamond denotes location of Saleh cave guano deposit (3.0322°S, 115.9839°E). Star
marks location of sea surface temperature records used in study. Taken from Wurster et al. (2019).
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Gagan (2011) also characterised MIS 2 at Tham Lod rock shelter, Thailand, as a dry period, based on
δ18O values from mollusc shells. They suggested that peak aridity corresponded to a pronounced
cold phase at around 15.6 ka. In ISEA, MIS 2 at Niah, on Borneo, was also characterised by more
open environments (Hunt et al., 2012), while Wurster et al. (2010) observed a spatially-varied
pattern of climate-driven forest contraction across Pleistocene Sundaland. Wurster et al. (2019)
presented further evidence for a savannah corridor at this time, using δ13C ratios from guano
deposits and lake sediments to demonstrate persistence of grassland ecosystems across a large
swathe of southern Sundaland throughout MIS 2 (Fig. 2.12).
Forest refugia in the uplands of Vietnam
Interestingly, and limestone forest in North Vietnam persisted during MIS 2 (Rabett et al. 2017) and
the terminal Pleistocene (Mai Huong and Van Hai, 2009), and Rabett et al. (2017) suggested local
karst areas such as Cúc Phương may have formed inland forest refugia in MSEA during glacial
periods. Charred plant macrofossils recovered through dry-sieving at archaeological sites, however,
have indicated significant vegetation change between the LGM and Holocene in North Vietnam, with
recovery of walnuts (Juglans) from LGM sites representing the expansion of deciduous elements
from above 1200 m asl (today) to around 100 m asl, in response to cooler conditions at that time
(Viet, 2008). While this is an important indicator of changing forest composition within site
catchments, dry-sieving may detect only the largest and most robust charred plant macrofossils
(Wright, 2005). In addition, it is unlikely the distributions of forest communities responded to
climatic changes in a linear or simple fashion, or that we can accurately reconstruct the nature of
catchment-scale environments based solely on the abundance of an intentionally-foraged resource
(Bishop et al., 2013; Franklin et al., 2015). Flotation-based archaeobotanical research in this region is
likely to prove highly illuminating.
While the abovementioned studies demonstrate coarse patterns of regional climate and
environmental response, millennial-scale Pleistocene climatic variability recognised in ice cores and
marine records is also well-represented in speleothem-derived records of Asian monsoon variability
(Cai et al., 2006; Rohling et al., 2009; Cai et al., 2015; Zhang et al., 2017) and at the few sites where
regional palaeoecological records allow correlation (Marwick and Gagan, 2011; Hunt et al., 2012).
These reconstructed environmental mosaics may, therefore, mask finer-grained changes in
ecosystem structure.
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2.3 Archaeological background
North Vietnam’s karst landscapes preserve many archaeological sites, but a lack of chronometric
control, combined with the challenging sedimentary records and the peculiarities of the area’s
archaeology, make reconstructing the changing settlement patterns and subsistence strategies of
the area’s Pleistocene inhabitants extremely difficult. This section explores what is known about the
human history of Pleistocene Vietnam within the context of recent discoveries from the wider
region, including genetics research on fossil remains and modern populations.
2.3.1

Early dispersing Homo

Homo erectus appears in the African fossil record from ~2 Ma (Herries et al., 2020) and is
distinguished from earlier species by a larger cranial capacity, among other morphological traits
(Antón, 2003). Originally discovered in Java (Dubois, 1895), H. erectus spread out from Africa and
dispersed across Eurasia by the early Pleistocene (Fig. 2.13; Zaim et al., 2011; Zhu et al., 2015). The
sparsity of the related fossil record, the evidence for significant and geographically distinct
morphological variation (Table 2.4; Bae, 2010; Dennell and Porr, 2014), and the variation in
associated, or presumably associated, lithic assemblages that are frequently recovered from
unstratified or loosely dated contexts (Marwick, 2008a, 2018), make tracking their dispersal difficult.
MSEA is situated between two populations of H. erectus, and later endemic Homo, in ISEA and East
Asia (Fig. 2.13). Fossil evidence of H. erectus in ISEA is restricted to a handful of Javanese sites and is
predominantly associated with open-environment fauna (van den Bergh et al., 1996; Ciochon, 2009).
This agrees well with passive models of dispersal through southern Eurasia, in which H. erectus
followed the climatically driven expansion of open habitats across Sundaland as part of a wider
faunal turnover (Wurster and Bird, 2016). The sites of Sangiran and Mojokerto in the Solo basin
contain H. erectus fossils, dated to after 1.5 Ma and most likely ~1.3 Ma (Matsu’ura et al., 2020),
associated with a range of ecological data indicative of relatively open environments (Choi and
Driwantoro, 2007; Bettis III et al., 2009). The H. erectus remains at Ngandong are the latest
recognised H. erectus fossils on Java. These specimens have a lengthy history of investigation and
disagreement over age estimates and taphonomy (Bartstra, 1987; Dennell, 2005; Dennell and Porr,
2014), but Rizal et al. (2020) dated the H. erectus-bearing layers to approximately 117–108 ka, which
situates these hominins with the last phase of the open woodland environments that were replaced
by rainforest communities during MIS 5.
To the north of MSEA, the environmental associations of early and middle Pleistocene lithic-bearing
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Figure 2.13 (previous page): A selection of archaeological sites related to early and middle Pleistocene hominin dispersals across Eurasia. Refer to Table 2.3 for further details. Basemap
sources: Esri, USGS, NOAA.
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Site

Region

Location

Hominin fossils

Technological assemblage

Estimated age

Environment

Solo basin

ISEA (Sunda)

Java

Homo erectus

Shell tools (inferred from
cut marks); Small flaked
tools in chert.

~1.3 Ma

Freshwater marshes

later

Braided streams and open
woodland

~0.54–0.45 mya

Open grassland

van den Bergh et
al., 1996;
Joordens et al.,
2015

0.8–0.7 Mya

Open grassland

van den Bergh et
al., 1996;
Marwick, 2009

~0.7 mya

Open grassland, wetland

Brumm et al.,
2006; Moore et
al., 2009;
Brumm et al.,
2016; Van den
Bergh et al.,
2016

Trinil

ISEA (Sunda)

Java

Homo erectus

Kedung Brubus

ISEA (Sunda)

Java

Homo erectus

Mata Menge

ISEA (Wallacea)

Flores

Taxon ancestral
to Homo
floresiensis

Shell tools with geometric
engraving.

Radially or bifacially
reduced cobbles and
transported, fine-grained
flake blanks. Cores are
predominantly formed on
cobbles.
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comments

References

Yokoyama et al.,
2008; Bettis III et
al., 2009; Zaim
et al., 2011;
Matsu'ura et al,
2020

Liang Bua (“Hobbit
layers”)

ISEA (Wallacea)

Flores

Kalinga

ISEA
(Philippines)

Anh Khe

Homo
floresiensis

Radially or bifacially
reduced cobbles and
transported, fine-grained
flake blanks. Cores are
predominantly formed on
transported flakes.

~190–50 ka

Open forest

Morwood et al.,
2004; Roberts et
al., 2009;
Westaway et al.,
2009; Sutikna et
al., 2016, 2018;
Morley et al.,
2017; Veatch et
al., 2019

Luzon

Core-and-flake technology
on a variety of raw
materials including chert,
quartz and chalcedony.

~709 ka

Braided rivers/ alluvial fan

Ingicco et al.,
2018

MSEA

Central
Highlands,
Vietnam

Bifaces, large cutting tools

~900 ka

Ma U’oi

MSEA

North Vietnam

Bose basin

East Asia

Southern China

Homo sp.

Bifacially worked cobbles,
including large cutting tools.
Range of raw materials,
including quartz, quartzite
and sandstone.
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Age inferred from
stratigraphic
association with
tektites

∼193–49 ka

Humid forest (StegodonAileuropoda faunal complex)

<800 ka, ~400 ka

Deforested environment due to
impact related to tektite event

Derevianko et
al., 2018

Bacon et al.,
2004; Demeter
et al., 2005

Few faunal remains,
many surface finds

Bar-Yosef and
Wang, 2012;
Bar-Yosef, 2015

Longyandong

East Asia

Central China

Renzidong

East Asia

Southern China

Zhoukoudian

East Asia

Northern China

Homo erectus

Gongwangling

East Asia,

Loess Plateau,
China

Homo erectus

Denisova Cave

Central/East Asia

Altai
Mountains,
Siberia

Denisovan,
Neanderthal

Baishiya Karst Cave

East Asia

Central China

Denisovan

Homo sp.

Large assemblage of stone
tools, including core-andflake tools made from
locally occurring cobbles
alongside bifacially worked
tools.

~389–274 ka

Montane environment occupied
during both glacial and interglacial
conditions.

Core-and-flake assemblage
associated with large faunal
assemblage, including
Pliocene survivors.

~2.15 Ma

Subtropical forest.

Core-and-flake assemblage
with possible evidence for
hafting and specialised tool
production in late phase
(~400 ka).

~0.8 Ma onwards

Hominin occupation during glacial
and interglacial periods.

Zhou et al.,
2000; Shen et
al., 2001, 2004,
2009

~1.66 Ma

Pliocene survivors.

Zhu et al., 2015

~300–40 ka

Alpine environment. hominin
occupation during warm and cold
periods.

Douka et al.,
2019; Jacobs et
al., 2019a

>160 ka to 60–45 ka

High altitude, hypoxic environment.

Chen et al.,
2019; Zhang et
al., 2020

Range of artefacts including
Middle and Upper
Palaeolithic and bone
implements.

34

Sun et al., 2013

Lack of Homo fossils;
Uncertain site
formation processes.

Bar-Yosef and
Wang, 2012;
Bar-Yosef, 2015

Penghu

East Asia

Taiwan

Homo sp.

Llonggudong

East Asia

South China

Homo sp.

Core-and-flake assemblage.

Early Pleistocene.

Humid forest.

Dmanisi

Western Asia

Georgia

Homo erectus

Core-and-flake assemblage.

1.85–1.78 Ma

Temperate environment.

<450 ka earliest, probably
190–110 ka.

2.3: Selected Eurasian archaeological sites, included in the text, with evidence of early and middle Pleistocene hominin occupation.
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No contextual
information

Chang et al.,
2015

Uncertain taxonomic
identification.

Li et al., 2017b

Lordkipanidze et
al., 2013

sites in China (Table 2.3) suggest that early-dispersing hominins were not constrained to open or
grassland environments (Bar-Yosef, 2015). Similarities between the Homo fossils and lithic
assemblages of these sites and that of Dmanisi in Georgia may also be considered evidence that a
population dispersed via a northern route (Bar-Yosef and Wang, 2012; Bar-Yosef, 2015) and were
adapted to a range of environments, including uplands (Winder et al., 2015). However, uncertain
formation processes and the lack of fossil evidence at numerous early Pleistocene, lithic-bearing
sites in southern China led Ciochon (2010) to suggest that the lithic assemblages are intrusive from
later contexts and that the forest biome that existed across Indochina in the early Pleistocene
presented an ecological barrier to early dispersing Homo (cf. Li et al., 2017b).
Even at Chinese sites with conclusive evidence of a hominin presence, complex stratigraphies and
persistent chronological uncertainties mean that the environmental context of hominin occupation
is often difficult to assess (Zhou et al., 2000; Shen et al., 2001; Shen et al., 2009; Bae, 2010; Bae et
al., 2018). But Sun et al. (2018) presented a relatively continuous record of hominin occupation
within the Qinling range from 1.2 to 0.05 Ma, showing that the southern part of the Qinling Range
provided a refugium for hominin populations during glacial periods, when cold and dry conditions
led to large parts of North China becoming depopulated.
A cluster of middle Pleistocene biface sites, predominantly surface finds, stretches southwards from
the Chinese Loess plateau to the northernmost extent of Vietnam. These loess exposures have
revealed in-situ artefacts deposited around 0.8–0.7 Ma (Zhang et al., 2010), with the majority of
bifaces deposited 0.4–0.3 Ma. These biface sites are not associated with faunal assemblages (BarYosef and Wang, 2012; Bar-Yosef, 2015), due to taphonomic conditions resulting from the lateritic
burial environment. Ciochon (2010) suggested that the bifaces represent an adaptation to a riparian
environment rather than a humid forest, so that if an associated faunal assemblage were found it
would be unlikely to be a forest-adapted Stegodon-Aileuropoda faunal complex (cf. Li et al., 2017b).
Was Homo erectus present in MSEA?
Currently there is no reliable fossil evidence of H. erectus from MSEA (Fig. 2.13; Dennell and Porr,
2014). A lack of north-south contact between H. erectus populations in ISEA and East Asia is
supported by the persistence of distinct palaeodemes, identified through a phylogenetic study of
skeletal morphology of the East and Southeast Asian populations throughout the Pleistocene (Kaifu,
2017). The hominin mandible from Penghu, Taiwan, may represent a third, morphologically distinct
population, but the associated age control vague and it is possible that this fossil represents a later
Denisovan (Chang et al., 2015).
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Based on the currently available dataset, H. erectus was unlikely to target the challenging forest
environment of North Vietnam’s karst uplands during the early Pleistocene. As caves did not form a
major focus of occupation for these groups (Bar-Yosef and Wang, 2012; Bar-Yosef, 2015; Dennell,
2018) and much of the surrounding lowlands have since been inundated, the prospects for
archaeological detection are limited (Barker et al., 2005). Recent research suggests some early to
middle Pleistocene hominin activity in the area (below), but the problematic stratigraphies and
preservation conditions at sites in the region severely limit their interpretative potential (Morley and
Goldberg, 2017). For example, the Homo sp. molar from a breccia in Ma U’oi cave in North Vietnam
has been excluded from recent syntheses due to taxonomic and chronological uncertainties (Kaifu,
2017).
The site of Anh Khe in the central highlands of Vietnam has yielded an assemblage of stone tools,
including bifaces, large cutting tools and handaxes. A stratigraphic association with tektites has been
used to suggest an age of ~0.9 Ma for the assemblage, but this estimate is best treated as a terminus
post quem (Derevianko et al., 2018). The site is formed on a laterite that is unconducive to fossil
preservation, so the ecological context of the hominin occupation remains unclear, but may be
related to the southern Chinese biface sites mentioned above (Fig. 2.13).
2.3.2

Endemic Asian Homo

Given recent fossil hominin discoveries (Morwood et al., 2004, 2005; Van den Bergh et al., 2016;
Ingicco et al., 2018), the diversity of the Asian, and particularly Southeast Asian, Homo taxa
increasingly reflects the high biodiversity of the region’s modern fauna. Attention has focussed on
ISEA, due to the discovery of Homo floresiensis and, more recently, Homo luzonensis (Détroit et al.,
2019). Discoveries of Denisovan fossils on the Eurasian mainland and the evidence for episodic
genetic exchange among hominin groups, including modern humans (Section 2.3.3), suggests that
MSEA’s Pleistocene hominin biogeography may have been equally complex (Browning et al., 2018;
Jacobs et al., 2019b; Teixeira and Cooper, 2019).
Homo erectus and Homo luzonensis
Both the Philippines (excepting Palawan) and Wallacea remained isolated from Eurasia throughout
the Pleistocene (Sections 2.2.1 and 2.2.3), with strong north-south currents through Wallacea acting
as a further barrier to dispersal (Morwood, 2014). Apparently persisting from the middle Pleistocene
into the late Pleistocene, Homo floresiensis and Homo luzonensis were species of archaic hominin
endemic to Flores in Wallacea and Luzon in the Philippines, respectively (Morwood, 2014; Van den
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Bergh et al., 2016; Détroit et al., 2019). Their presence indicates multiple, successful sea crossings by
archaic Homo, but the high levels of endemism within the region’s Pleistocene hominins suggest that
regional populations remained largely isolated from other hominin groups throughout most of the
Pleistocene (Westaway, 2019; Teixeira and Cooper, 2019). The archaic traits of Wallacean hominin
species (Tocheri et al., 2007; Détroit et al., 2019) and teeth provisionally identified as Homo habilis
from an early Pleistocene context in southern China (Li et al., 2017a) have led some to propose a
hominin dispersal prior that of H. erectus, but this remains speculative based on the current dataset
(Tocheri, 2019).
O’Connor et al. (2017b) suggested that successful archaic hominin colonisation of Wallacea was
restricted to large islands that allowed targeting of medium- to large-bodied terrestrial fauna. H.
floresiensis survived on Flores through the last interglacial (Sutikna et al., 2016), but current
evidence suggests that cessation of H. floresiensis occupation at Liang Bua (~50 ka) was
approximately coeval with an expansion of closed-forest ecosystems when other open-adapted
species at the site relocated to habitats elsewhere on the island (Sutikna et al., 2018; Veatch et al.,
2019).
The arrival of modern humans at Liang Bua is dated as early as ~46 ka (Sutikna et al., 2016; 2018)
and. In light of recent genomic studies there is a need for further work to resolve the precise timing
and circumstances of the extinction of H. floresiensis and H. Luzonensis and their potential
interactions with modern humans and possibly Denisovans. Further work is also required to clarify
the ancestry and ecology of both of these species (Détroit et al., 2019; Jacobs et al., 2019b).
Denisovans
Denisovans are a group of archaic Homo, most closely related to Neanderthals but known only from
a few scattered fossils and a range of genetic data collected from the fossils, cave sediments and
modern day human populations (Reich et al., 2010, 2011; Slon et al., 2017a,b, 2018; Douka et al.,
2019). Denisovans may have been widespread across Asia, potentially forming distinct populations
with little inter-group contact (Pääbo, 2014, 2015; Kuhlwilm et al., 2016). Their ecological range and
adaptive capabilities remain poorly resolved (Bae et al., 2017; Bae et al., 2018), but their presence at
Baishiya Karst Cave, at the northeastern margin of the Tibetan Plateau, indicates that they adapted
to high-altitude, hypoxic environments long before the regional arrival of modern humans in the
region (Chen et al., 2019; Zhang et al., 2020).
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Fossil evidence of other Homo species in MSEA
Fossil evidence for other possible taxa of Homo adapted to the forested landscapes of MSEA remains
scant and ambiguous, restricted to taxonomically, stratigraphically and chronologically uncertain
teeth recovered from breccias in caves (Fig. 2.13). One probable Homo sp. tooth was recovered from
Nam Lot (86–72 ka), but the possibility remains that it is Pongo (Bacon et al., 2018). Duoi U'Oi (70–
60 ka) has yielded two isolated molars assigned more securely to the genus Homo (Bacon et al.,
2008).
It remains unclear how many Homo taxa were present in MSEA when modern humans arrived, but
discoveries in palaeogenetics indicate that multiple episodes of genetic exchange occurred between
dispersing modern humans and archaic groups of Eurasian Homo, and among the latter hominins,
during the middle and late Pleistocene.
2.3.3

Palaeogenetics and modern human dispersals

Advances in palaeogenetics research over the last two decades have revolutionised our
understanding of the deep human past. Fossil finds and genetic evidence largely support the initial
African origin and subsequent dispersal of modern human populations (Stringer, 2003; Campbell and
Tishkoff, 2010), but geographically-distinct episodes of genetic exchange also took place between
dispersing modern humans and pre-existing groups of archaic hominins in Eurasia (Fig. 2.14a,b;
Reich et al., 2011; Pääbo, 2014, 2015; Vernot and Akey, 2014; Sikora, 2017).
The history of these dispersals remain very poorly resolved, Rasmussen et al. (2011) reported a
divergence of Aboriginal Australians and their ancestral Eurasian population at around 75–62 ka, and
the divergence of East Asians and Europeans at around 38–25 ka), which suggests an early wave of
human dispersal into Australia and Oceania. This inference is supported by the work of Malaspinas
et al. (2016), who suggested a divergence between Oceanian and Eurasian populations at ~58 ka or
earlier.
Only individuals who successfully contributed to the modern gene pool are represented in genomic
studies of modern populations (McColl et al., 2018), but it is increasingly apparent that Pleistocene
demographic histories were characterised by large-scale replacement events and extirpations (Bae
et al., 2017; Rabett, 2018). Replacement of an initially dispersing modern human population, out of
Africa during MIS 5, with a later dispersing wave during MIS 3 has been suggested by some
researchers (Bae et al., 2017), but a number of studies point to higher likelihood of a single dispersal
event, given the similar convergence times with African populations when analysing East Asian,
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Site

Region

Location

Earliest age
estimate

Hominin
species

Technological
assemblage

Comments

References

Tam Pa Ling

MSEA

Laos

78 ka

Homo sapiens

Mosaic forest

Limited contextual
information currently
available.

Demeter et al.,
2017; Milano et al.,
2018

Duoi U’Oi

MSEA

North
Vietnam

~66 ka

Homo sp.

Humid forest

Worn teeth from
breccia.

Bacon et al., 2008;
Bacon et al., 2018

Tham Lod

MSEA

Thailand

35–13 ka

Homo sapiens

Large assemblage of
flaked tools,
Hoabinhian elements.

Overlooking river
valley.

Opportunistic hunting,
including bovids/cervids.
Focus on mollusc
collection.

Midden accumulation
during Pleistocene and
later Neolithic period.

Shoocongdej, 2006;
Chitkament et al.,
2016

Lang Rongrien

MSEA

Southern
Thailand

43–32 ka

Homo sapiens

Pleistocene flaked tool
assemblage associated
with hearths.
Holocene cobble tool
assemblage.

Fluctuating
coastline, some
correlation with
changes in material
culture.

Cervids and bovines,
with turtles and tortoise.

Intermittent occupation,
possibly related to
seasonal transhumance.

Mudar and
Anderson, 2007

Con Moong Cave

MSEA

North
Vietnam

MIS 2

Homo sapiens

Sonvian, Hoabinhian
lithics, bone
technology.

Limestone forest,
expansion of
montane species
during MIS 2.

Broad spectrum huntergatherer economy,
shellfish collection .

Niah Cave

ISEA (Sunda)

Borneo

~45 ka

Homo sapiens

Complex plant
processing, hafted
tools.

Forest of mixed
character, more
open environment
during MIS 2.

Closed forest, targeted
procurement strategy.
Trapping of animals,
focus on pigs.
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Environment

Economy

Thong, 1980; Mai
Huong and Van Hai,
2009; Su, 2009;
Rabett, 2012;
McAdams et al.,
2020

Early evidence of
rainforest subsistence
and complex mortuary
customs.

Barker et al., 2005,
2013a; Barton et
al., 2009; Piper and
Rabett, 2009a;

Rabett, 2012; Piper
and Rabett, 2014

Jerimalai

ISEA (Wallacea)

Timor

~40 ka

Homo sapiens

Shell artefacts, fish
hooks, Informal flaked
lithics.

Coastal.

Liang Bua

ISEA (Wallacea)

Flores

>50 ka

Homo
floresiensis

Core and flake
assemblages

Significant grassland
component.

<50 ka

Homo sapiens

Core and flake
assemblages, use of
fire

Increasingly closed
environments.

Open woodland
bordering periodic
wetlands.

Marine exploitation,
hunting of pelagic
species, shellfish
collection.

Very early evidence of
tailored marine (pelagic)
exploitation strategy.

Langley et al., 2016;
O’Connor et al.,
2017b

Transition between H.
floresiensis and H.
sapiens is poorly
resolved.

Brown et al., 2004;
Morwood et al.,
2004; Roberts et al.,
2009; Westaway et
al., 2009a; Sutikna
et al., 2016, 2018;
Morley et al., 2017;
Veatch et al., 2019

Multi-stage plant
processing.

Poor preservation in
Pleistocene layers

Clarkson et al.,
2017; Florin et al.,
2020

Mollusc gathering.

Limited age control of
the earliest occupation
levels.

Anisyutkin and
Timofeyev, 2006

Madjedbebe

Sahul

Northern
Australia

~65 ka

Homo sapiens

Flaked tool
assemblage, use of
ochre

Nguom
rockshelter

MSEA

North
Vietnam

>32 ka

Homo sapiens

“Nguomian”,
Hoabinhian.

Lida Ajer

ISEA (Sunda)

Sumatra

73–63 ka

Homo sapiens

Humid forest.

Two teeth recovered
from breccia.

Westaway et al.,
2017

Callao cave

ISEA (Philippines)

Luzon

67 ka

Homo
luzonensis

Humid forest.

Little contextual
information .

Mijares et al., 2010;
Détroit et al., 2019
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Moh Khiew

MSEA

Southern
Thailand

~26 ka

Homo sapiens

Hoabinhian.

Badahlin Cave

MSEA

Myanmar

~30 ka

Homo sapiens

Palaeolithic tools.

Gu Myaung Cave

MSEA

Myanmar

~25 ka

Homo sapiens

Paleolithic tools,
hearths.

Laang Spean

MSEA

Cambodia

71–26 ka

?

Flake tools including
scrapers and
denticulates.

Forest.

Forest based
procurement strategy.

11 ka–5 ka

Homo sapiens

Hoabinhian.

Forest.

Forest-based
procurement, shellfish
gathering.

100 ka

Homo sapiens

NA

Humid forest.

NA

Zhirendong

East Asia

South China
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Forest.

Varied terrestrial and
arboreal taxa. Closed
forest foraging/
projectile hunting.

Series of burials with
evidence for complex
mortuary customs and
grave goods.

Chitkament, 2007;
Auetrakulvit et al.,
2012

Cave paintings
(undated).

Schaarschmidt et
al., 2019

Schaarschmidt et
al., 2019

Hoabinhian remains
disturbed by mortuary
activity. Early phase may
be analogous to
“Nguomian.”

Forestier et al.,
2015

Liu et al., 2010

Tabon Cave

ISEA (Philippines)

Palawan

47–16 ka

Homo sapiens

Flaked tools.

Humid forest.

Xom Trai

MSEA

North
Vietnam

18–16 ka

Homo sapiens

Hoabinhian
assemblage.

Deciduous forest.

Fuyan Cave

East Asia

South China

120–80 ka

Homo sapiens

Liu et al., 2015

Liujiang

East Asia

Guanxi, China

~68 ka, 139–
111 ka

Homo sapiens

Shen et al., 2002

Table 2.4: Selected Asian and Australian archaeological sites, included in the text, that date to the late Pleistocene.
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Lewis, 2007; Lewis
et al., 2008; Choa et
al., 2016

Forest-based
procurement, shellfish
gathering.

Cave contains
Pleistocene burials.
Considered evidence of
cold-adapted
Hoabinhian.

Viet, 2008

Oceanian and European genomes (Rasmussen et al., 2011; Schiffels and Durbin, 2014; Malaspinas et
al., 2016).
Admixture with archaic hominin groups
Geographic variations in the proportion of archaic genetic material in modern human genomes
indicates a complex history of hominin interaction across the Eurasian landmass, but the limited
fossil record and bias against ancient DNA (aDNA) recovery from tropical contexts makes the
geography and timing of these interactions difficult to reconstruct (Bae et al., 2017; Wolf and Akey,
2018).
The presence of Neanderthal DNA in the genomes of all non-African modern populations may
suggest a single exit of modern humans out of Africa, which was associated with an early admixture
event somewhere in western Asia (Bae et al., 2017), but lower proportions of Neanderthal DNA in
modern day Europeans than in East Asian populations may be interpreted as a dilution of the
Neanderthal signal through admixture with already extant modern human groups with little to no
Neanderthal-derived genetic material (Vernot and Akey, 2015; Wolf and Akey, 2018). Teixeira and
Cooper (2019) highlight the genomic evidence for subsequent modern human/Neanderthal
admixture events and suggest that smaller proportions of Neanderthal DNA in modern European
populations are due to a larger, dispersing modern human population in that region. However, the
high-coverage Neanderthal genome from Denisova Cave in the Altai Mountains of Southern SIberia
harbours evidence of modern human introgression, from a population that may have preceded the
dispersal of the ancestors of today’s Eurasian population (Kuhlwilm et al., 2016).
In contrast to Neanderthals, interbreeding events with other extinct hominin groups such as
Denisovans remains poorly understood (Fig. 2.14b). Browning et al. (2018) found evidence for two
waves of Denisovan admixture into modern-day Asian genomes, from populations at different
genetic distances to the Altai Denisovan individual sequenced at high-coverage from Denisova Cave.
The component closely related to the Altai Denisovan is primarily present in East Asians and Prüfer
et al. (2013) suggested that the second Denisovan population responsible for introgression into
these genomes diverged from the Siberian population between 202 and 138 ka, which may indicate
significant differences in geographical ranges. East Asian populations have non-negligible
contributions from both components (Browning et al., 2018), which may suggest an admixture event
at more northerly latitudes. Sankararaman et al. (2016) also identified Denisovan introgression in
South Asian and Tibetan genomes, dating the admixture event to 54–44 ka and suggesting it took
place in South Asia, while Reich et al. (2011) suggested that that the gene-flow event occurred in
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Figure 2.14: Alternativeroposed routes and timing of Homo sapiens dispersals. (a) Proposed routes for multiple dispersals
of Homo sapiens across Eurasia, beginning ~120 ka. Taken from Bae et al. (2017). (b) Proposed single, later dispersal of
Homo sapiens across Eurasia. “N” marks potential area of the initial Neanderthal admixture event, responsible for
Neanderthal DNA in all non-African, modern human genomes. (1) estimated position of initial Denisovan admixture event,
responsible for archaic DNA contribution to East and Southeast Asian genomes. (3) estimated position of subsequent
Denisovan admixture event. Taken from Teixeira and Cooper (2019).
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SEA.
A further episode of Denisovan-like introgression into the genome of the ancestors of AustraloPapuans, may have occurred after their split from Eurasian populations (Fig. 2.15; Jacobs et al.,
2019b; Teixeira and Cooper, 2019). Relative contributions of archaic DNA east of Wallace’s line (Fig.
2.15) generally correspond with the expected extent of modern day Wallacean populations’ shared
ancestry with the Australo-Papuans who first dispersed through the area, suggesting introgression
occurred with the first wave of migrants. Philippine hunter-gather groups also harbour a substantial
proportion of the Denisovan-like genomic content suggesting they also descend from the firstdispersing population (Jinam et al., 2017).
Genomic evidence suggests that populations that dispersed east of the Wallace Line were relatively
isolated afterwards, preserving the archaic contributions to their genome. In the rest of SEA the
subsequent demographic history may have been more complex (Sikora, 2017; McColl et al., 2018).
Dilution of the archaic signal across the Sunda region reflects the Holocene migrations of East Asian
farming groups into the region, as independently observed by archaeological, anthropological and
phylolinguistic studies (Matsumura et al., 2011). However, hunter-gatherer groups in MSEA and
South Asia, who may be assumed to have had limited genetic exchange with dispersing early
farmers, also have low levels of archaic introgression, which suggests that the Pleistocene history of
Admixture and demographic change was complex and remains largely unresolved (Teixeira and
Cooper, 2019).
2.3.4

Modern human dispersals across Eurasia: fossil and archaeological evidence

Archaeological records covering the initial dispersal of modern humans out of Africa are sparse and
the routes and chronology of dispersal events remain open questions (Table 2.4; Field et al., 2007;
Dennell and Porr, 2014; Bae et al., 2017; Morley, 2017). In the Arabian Peninsula, two plausible
routes exist for the exit from Africa: by land through Egypt and across the Sinai Peninsula; or via the
Bab Al Mandab Strait to Yemen and the southern Arabian Peninsula. The latter route involves a
water crossing, leading some to suggest the Sinai Peninsula route is the most parsimonious
(Derricourt, 2005). Lithic assemblages from Jebel Faya, however, indicate that hominins occupied
southern Arabia during the last interglacial (Armitage et al., 2011; Bretzke et al., 2013) and
occupation of the Arabian interior, at Jebel Qattar, appears to correlate with pluvial intervals (Beyin,
2006). This suggests that initial modern human dispersal may have occurred in response to the
expansion of fluvial and lacustrine systems in north Africa and in Arabia during MIS 5 (Petraglia et al.,
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Figure 2.15: Relative proportions of archaic DNA observed in modern human genomes across Southeast Asia. Yellow
arrows represent the initial dispersals of Eurasian populations, while red arrows represent the dispersal of Australo-Papuan
populations who remained relatively isolated after crossing Wallace’s Line. Numbers in circles represent putative
admixture events between modern humans and unknown archaic species, additional to those in Fig. 2.14b. “EH1” and
“EH2” refer to putative Homo taxa known only from genetic analysis. Taken from Teixeira and Cooper (2019).
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2011), but the record of modern human fossils from this period is limited to a phalanx from
northwestern Arabia, dated to ~85 ka (Groucutt et al., 2018), and trace fossils (footprints) in the
same region, dated to 130–100 ka (Stewart et al., 2020).
Upon reaching Eurasia, the path taken by dispersing modern humans becomes even less clear. Until
recently, the ‘Southern Route’ hypothesis has dominated discussions of AMH dispersal through
Eurasia, despite a lacuna of archaeological evidence between Africa and SEA (Boivin et al., 2013;
Roberts and Amano, 2019). This model suggests that modern humans pushed through the Arabian
Peninsula into the Levant, exploiting riparian and coastal environments to disperse rapidly through
Eurasia (Erlandson and Braje, 2015), leading some to suggest that seafaring facilitated this
process(Leppard and Runnels, 2017). Archaeological evidence for early maritime dispersal into Sahul
(Clarkson et al., 2017; Norman et al., 2018), has also lent support to a model of rapid dispersal along
the coasts flanking the Indian Ocean (Rabett, 2018).
Between SEA and the Levantine sites of Skhul and Qafzeh, which both date to MIS 5 (Rabett, 2018),
the only Palaeolithic sites with robust chronologies and unequivocal H. sapiens taxonomic
associations are a small number of Sri Lankan locations dating from ~45 ka (Dennell and Porr, 2014;
Wedage et al., 2019). Coastal zones with a steep drop-off provide a strategic and economically
favourable position for coastal dispersal and related archaeological prospection activities in India
(Rabett, 2018), but the current distribution of artefact find-sites is not a close match with the
proposed pattern of coastal exploitation (Roberts and Amano, 2019). Pleistocene sites near the
Indian coast are associated with a stone tool record, but there is no substantive evidence for marine
exploitation or lithic industries that can be confidently attributed to modern humans (Field et al.,
2007). Occupation of the inland site of Katoati, in India’s Thar desert, corresponds to periods of
increased humidity from about 96 to 60 ka (Blinkhorn et al., 2017) and occupation of the Jurreru
valley in southern India brackets the timing of the Toba supereruption (~74 ka) (Petraglia et al.,
2007; Clarkson et al., 2012).
There is a growing body of archaeological evidence suggesting that some modern humans dispersed
via more northerly route (Fig. 2.14a; Winder et al., 2015; Rabett, 2018), following a northern arc
across Eurasia, before moving southwards into SEA through China. This corresponds well with the
evidence of archaic introgression that likely occurred at higher latitudes (Section 2.3.2), and the early
reported dates for modern humans in China, which potentially stretch back to MIS 5 or earlier (Liu et
al., 2015).
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China’s late Pleistocene archaeological record is difficult to interpret, due to chronological or
stratigraphic uncertainties at key sites such as Liujiang (153–68 ka), Zhirendong (113–100 ka) and
Fuyan Cave (120–80 ka; Dennell, 2014; Morley, 2017), taxonomic uncertainty over the
morphologically varied fossil record and the extreme variability of lithic assemblages, which
precludes a reliable attribution of the species responsible for manufacture of the stone artefacts
(Bar-Yosef, 2015; Marwick, 2018).
The earliest modern humans in SEA
Currently the Southern Route Coastal hypothesis also sits rather uncomfortably with the Southeast
Asian evidence (Fig. 2.16). The regions physiography constrains plausible routes of dispersal for
modern humans and it may be assumed that if the Southern Route had been followed, the earliest
evidence of AMH occupation would be found in southern Myanmar (Marwick, 2009). However,
while H. sapiens were present in the region by MIS 4 (Westaway et al., 2017), and possibly earlier,
the handful of dated sites in central Myanmar are younger than 30 ka (Schaarschmidt et al., 2019).
The earliest dated fossil evidence of H. sapiens in SEA comes from the cave sites of Lida Adjer in
Sumatra (73–63 ka; Westaway et al., 2017) and Tam Pa Ling, in Laos (as early as 78 ka; Demeter et
al., 2017; Shackelford et al., 2018). These sites are penecontemporaneous with the earliest dated
site in Australia, Madjedbebe Rockshelter, at ~65 ka (Clarkson et al., 2017). Lida Ajer contains a
rainforest fauna associated with human teeth, but, as at Tam Pa Ling, the fossil remains are from
deposits with complex taphonomic histories and no associated archaeology.
Flaked tools have been discovered in Laang Spean in Cambodia in layers that date to as early as ~71
ka (Sophady et al., 2016). Similar assemblages in MSEA mostly date to MIS 3, such as at Ngeubhinh
Mouxeu rockshelter in Laos (Zeitoun et al., 2013). The sparsity of this dataset makes characterising
the geography and timing of this initial dispersal problematic, but it may reflect the inherent bias in
SEA’s record due to the history of sea-level fluctuations. The location of MSEAs’ earliest modern
human archaeological sites in inland and upland areas suggests populations were dispersing through
the north-south-oriented river valleys such as the Chao Phraya, Mekong and Red River valleys, while
the MIS 5 dates for sites in China raise the prospect that those more northerly regions are where
those populations originated.
2.3.5

Late Pleistocene settlement, subsistence and technology in Southeast Asia

By ~40 ka, H. sapiens communities were dispersed across SEA and employing a range of
environment-specific subsistence strategies (Rabett, 2012; Piper and Rabett, 2014). The chronology
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and geography of related adaptive processes are obscured, however, by the lack of archaeology
associated with the earliest modern human fossils at Tam Pa Ling and Lida Adjer (Rabett, 2018) and
the limited preservation of environmental assemblages in deposits that contain stone tools, such as
those at Laang Spean and Ngeubhinh Mouxeu (Anderson, 1997).
2.3.5.1

Island Southeast Asia

In Wallacea, there is evidence of late Pleistocene human communities employing maritime foraging
and pelagic fishing strategies at Jerimalai on Timor Leste (~42 ka; Langley et al., 2016). Such
Wallacean sites may be a close analogue for Sundaland’s contemporaraneous coastal sites, which
are now inundated (Piper and Rabett, 2014; Rabett, 2018), but the relationship between coastal
proximity and coastal exploitation may not be straightforward (O’Connor and Bulbeck, 2014;
O’Connor et al., 2017b). Coastal Palaeolithic sites may contain little or no evidence of marine
exploitation and, even in an insular region such as SE Asia, there may be a time lag between access
to and incorporation of coastal resources into economic systems (Rabett, 2018).
Although previously controversial, there is now strong support from both SEA and South Asia for the
claims that modern human communities were practising diverse, forest-based subsistence strategies
during the late Pleistocene (Piper and Rabett, 2009b; Piper and Rabett, 2014; Roberts et al., 2015a;
Wedage et al., 2019). Niah Cave provides a prominent and intensively studied example of changing
occupation activity throughout the late Pleistocene and Holocene, albeit at a coarse chronological
resolution (Hunt and Rushworth, 2005; Barker et al., 2007; Rabett and Barker, 2007; Hunt and
Barker, 2014). Even from Niah’s deepest archaeological contexts (potentially more than 45 ka),
people visiting the site were unequivocally adapted to lowland rainforest environments (Piper and
Rabett, 2014).
The faunal assemblage at Niah Cave is dominated by pig bones (Rabett and Barker, 2007; Piper and
Rabett, 2014) and it is likely that pig hunters used knowledge of the geography and timing of the pig
migration patterns, targeting well-worn tracks within the forest to trap them and, inadvertently,
other ungulates also (Piper and Rabett, 2009a, 2009b, 2014). A range of other species were hunted,
including birds and arboreal forest species such as orang-utans and monkeys. The ability to
effectively hunt small arboreal species has also been observed in the South Asian record at ~45 ka
(Wedage et al., 2019) where faunal assemblages are dominated by tree squirrels.
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Figure 2.16: A selection of late Pleistocene archaeological sites in Southeast Asia.
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ISEA’s lithic record
This evidence of late Pleistocene subsistence innovation is not reflected in the lithic record of ISEA.
Informal lithic manufacture and long-term technological conservatism was the norm throughout the
Pleistocene (Marwick, 2008b; Brumm and Moore, 2012), which presents major challenges to
differentiating meaningfully between assemblages of small, flaked tools (Marwick, 2018).
The situation is further complicated by the prevalence of typological systems based on holotypic
specimens to categorise entire assemblages (Marwick, 2008a), while less distinctive artefacts are
either not analysed or are classified as debitage or defective forms (Marwick, 2008b). This
methodology overlaps with a culture-historical approach and much regional research has focussed
on establishing cultural sequences (Rabett, 2012), defining the temporal and geographical origins or
limits of cultural elements and explaining the distributions of artefact types through processes of
migration and diffusion (Marwick, 2008a,b, 2018). Related theories have been criticised for their lack
of explanatory power for many decades (Childe, 1946).
Even in instances where more theoretically rigorous approaches have been applied, the
idiosyncrasies of ISEA’s lithic record mean that information recovered may be minimal. A
comparative study of artefact technology on Flores, for example, indicated no significant differences
between the reduction methods or lithic economies of H. Floresiensis, their early Pleistocene
ancestors or the modern communities who replaced them, so lithic analysis is unlikely to be
informative of the species of tool-maker on Flores (Brumm et al., 2006; Moore et al., 2009; Brumm
and Moore, 2012). In addition, the general lack of retouch observed in SEA’s lithic assemblages limits
the usefulness of reduction-based analytical strategies (Marwick, 2008a). One explanation for SEA’s
limited lithic record may be a reliance upon less durable materials, particularly bone and bamboo,
for technological activities (Brumm, 2010).
2.3.5.2

Mainland Southeast Asia

There is considerable variety observed in H. sapiens subsistence strategies within MSEA, although
the reason for this is not clear (Rabett, 2012; Piper and Rabett, 2014). In southern Thailand for
example, differences between Lang Rongrien (42–32 ka), where inhabitants focussed on cervids and
bovines with an emphasis on turtles and tortoise, and Moh Khiew (~26 ka), where the record is
dominated by varied terrestrial and arboreal taxa including leaf monkeys and prevost’s squirrel, may
be related to geographic or temporal changes in environment. Mudar and Anderson (2007) suggest
Lang Rongrien was occupied in an intermittent way by foragers, with a mobility pattern involving
transhumance from coast to interior, while at Tham Lod (35–13 ka), which is ideally located for
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ambush hunting, the inhabitants focussed on large ungulates, supplemented by gathering molluscs.
Spirit Cave (Conrad et al., 2016), excavated by Gorman (1972), yielded a faunal assemblage that was
similar to Tham Lod, with large quantities of gathered molluscs.
Analysis of the late Pleistocene sites of North Vietnam indicates exploitation of rainforest resources,
but faunal assemblages are often dominated by similar, dense accumulations of molluscs, which
form extensive midden deposits that may span millennia (Fig. 2.17; Rabett, 2012) and are indicative
of forest-based subsistence strategies of a different character to those recognised further south,
such as at Niah Cave.
The Trang An landscape complex is south of the Hanoi basin (Piper and Rabett, 2014) and contains a
number of inland shell midden sites that are dated to the LGM and Holocene (Rabett et al., 2011).
One of these, Hang Boi, contains a midden of mollusc shells, predominantly land snails (Cyclophorus
theodori and Cyclophorus unicus) and freshwater crab (Rabett, 2012). Arboreal and terrestrial fauna
are present throughout, but their low frequency suggests an opportunistic procurement strategy
that supplemented more reliable staples (Rabett et al., 2011). Despite the proximity of coastal
resources during the post-glacial period, there is no evidence of coastal exploitation at this site.
However, the presence of a cowrie shell indicates some contact with the coast or coastal
communities.
Poor chronological resolution limits our understanding of the development of specialized resource
management in MSEA, but, where dated shell midden sites exist, they predominantly date to MIS 2.
Vietnamese sites typically date to the LGM or later (<20 ka; Forestier et al., 2015). As the rugged
karst uplands of North Vietnam seemingly formed rainforest refugia (Rabett et al., 2017), they may
have formed attractive foci for Pleistocene hunter-gatherers during periods of environmental
change, aridity and rainforest contraction (Wurster et al., 2010; Wurster and Bird, 2016). Piper and
Rabett (2014) suggest that the shell middens of late Pleistocene Indochina reflect subsistence
strategies and cultural practices that focussed on risk mitigation by successfully procuring a narrow
range of plants and animal resources. Recovery of walnuts from a number of sites in North Vietnam,
dating to the LGM at Xom Trai and the terminal Pleistocene at CMC, indicates that the Pleistocene
inhabitants were equipped to deal with the expansion of montane ecosystems associated with a
~5°C drop in temperature during MIS 2 (Viet, 2008), and with the subsequent expansion of modern
tropical/subtropical ecosystems during the terminal Pleistocene and Holocene.
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Figure 2.17: Shell midden (Unit C), overlying diagenetically-altered, ashy silts (Unit D) at Con Moong Cave in North Vietnam.
These ashy deposits are typical of hunter-gatherer sites dating to MIS 2 and later. Taken from Lam and Su, 2014.
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The Hoabinhian phenomenon and its precursors
A widely accepted category of lithic assemblages in MSEA is the so-called ‘Hoabinhian phenomenon’
(Van Tan, 1997: 35), which refers to a particular way of manufacturing stone tools. The Hoabinhian
has been recognised in late Pleistocene to Holocene assemblages across the Indochina and Sunda
regions (Marwick, 2018; Moser, 2012). It is defined by the presence of unifacially-flaked cobbles (Fig.
2.18), but is frequently conflated with the lifeways represented by inland shell middens
characteristic of the terminal Pleistocene in Vietnam. The temporal and geographical spread of sites
attributed to the Hoabinhian has rendered the phenomenon an increasingly nebulous archaeological
concept with no demonstrable economic, demographic or environmental driver (Marwick, 2018).
While this technology is named after a series sites in the Hoa Binh province of North Vietnam,
variability within these toolkits and overlap with the chronology or geographical distribution of the
preceding, flake-based industries raise questions about the definition and meaning of the
Hoabinhian, due to the same methodological issues that affect the wider SEA region (Rabett, 2012).
The terminal Pleistocene to Holocene sequence at CMC is considered a key example for
understanding the regional sequence. At that site a series of shell middens, occupation deposits and
burials have been associated with a late Pleistocene, ‘Son Vian’ flaked tool assemblage, referring to a
cobble industry that is known from ~200 sites and may have preceded the Hoabinhian (Fig 2.19), a
terminal Pleistocene to Holocene Hoabinhian assemblage and a Holocene ‘Bac Sonian’ early-farmer
assemblage, respectively (Thong, 1980; Su, 2009). But Nguyen Viet (2000) contests the
interpretation of cultural change at CMC and assigns the entire sequence to the Hoabinhian
category, suggesting there is little to conclusively differentiate the lithic assemblages (Rabett, 2012).
Sites at the Trang An landscape complex contain little evidence of characteristic Hoabinhian lithics,
despite meeting all other criteria for such a categorisation (Rabett et al., 2011; Rabett et al., 2017).
Ngườm rockshelter in North Vietnam contains a distinctive Pleistocene lithic assemblage, dubbed
the ‘Ngườmian industry’ (Van Tan, 1997). It contains proportions of retouched flakes that are
unusual in Mainland Southeast Asia and may represent an earlier industry than the Hoabinhian or
Son Vian (Van Tan, 1997; MSEA; Anisyutkin and Timofeyev, 2006; Marwick, 2008b, 2009, 2018;
Rabett, 2012; O’Connor and Bulbeck, 2014; Marwick, 2018). Anisyutkin and Timofeyev (2006)
concluded that this unique lithic assemblage represents a Middle Palaeolithic technology but in the
absence of an absolute chronology for the site, the relationship of the Ngườmian industry to other
lithic assemblages in the region remains an open question. Doi (2005) suggests that several similar
expressions of a related stone tool industry were geographically distributed across North Vietnam
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Figure 2.18 (above): A unifacially flaked cobble, considered typical of ‘Hoabinhian’ assemblages in the Indochina and Sunda
regions. Taken from http://www.andrewcollins.com/page/news/eq_0515.htm

Figure 2.19 (above): Typical ‘Son Vian’ tool types. Taken from Nguyen and Clarkson (2016).
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during the late Pleistocene and early Holocene. Currently, however, the temporal and geographical
variation within the lithic assemblages of North Vietnam, and across MSEA more broadly, lacks a
satisfactory explanation or reliable chronology (Rabett, 2012).
Difficulties of interpretation
With few notable exceptions (Rabett et al., 2011, 2017; Piper and Rabett, 2014; Forestier et al.,
2015; Rabett et al., 2017), sedimentological descriptions of Pleistocene sites in MSEA are often
informal, which makes effective inter-study comparison difficult. Hunter-gatherer middens are
commonly disturbed by Neolithic burials (Barker et al., 2005) and this is a contributary factor to the
current lack of reliable dates (Zeitoun, 2019). The inherent difficulty of reconstructing cut-and-fill
events in loose, clast-supported sediments, such as shell middens, means that published
stratigraphic relationships are often difficult to assess (Koppel et al., 2016). Some midden deposits
within MSEA are also associated with hunter-gatherer burials (Higham, 2013; Zeitoun, 2013), but
associated radiocarbon dates are rarely obtained directly from skeletal material, due to the poor
preservation of bone collagen in tropical contexts and diagenetic changes that affect bone mineral in
humid contexts (Ambrose and Krigbaum, 2003). The Vietnamese evidence for hunter-gatherer
mortuary activity can be summarised as follows: CMC contains flexed hunter-gatherer burials in shell
midden layers with debated cultural associations (Van Tan, 1997; Rabett, 2012). They are found in
layers dated as early as ~11.7 ka and are associated with ochre. A burial at Xom Trai, dated to ~17
ka, is also associated with shells, while an undated burial at Mai Da Nuoc was associated with flaked
lithics, ground sea-shells and large stones (Cuong, 1986).
Because pre-LGM occupation in the region is more ephemeral (Anisyutkin and Timofeyev, 2006;
Forestier et al., 2015), and often characterised by lithics suspended within predominantly geogenic
sedimentary units (Anderson, 1997), details of dispersive and adaptive processes remain obscure.
CMC contains Pleistocene sediments that underlie the sequence of LGM middens, and that contain a
variety of materials of archaeological and palaeoecological interest. These sediments offer an
opportunity to better understand the Pleistocene prehistory of North Vietnam and MSEA more
broadly, they appear, however, to have been subject to extensive post-depositional physical and
chemical change (McAdams et al., 2020), and will require modern, geoarchaeological techniques of
investigation to disentangle the anthropogenic and environmental signals.
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2.4 Conclusions
This Chapter has outlined the sparse evidence for the Pleistocene environmental changes that
affected North Vietnam and highlighted the difficulties of interpretation that surround Pleistocene
archaeology in the region.
Evidence for archaic Homo in North Vietnams’ limestone uplands is limited, amounting to a handful
of worn teeth found in cave breccias. Current evidence of Asian H. erectus settlement patterns and
palaeodemography suggests they were unlikely to target MSEA’s forested upland environments or
caves in the region. Evidence related to later Homo taxa in the region also remains ambiguous and
the geography of genetic exchange between modern and archaic humans remains poorly resolved. It
is entirely possible that the first modern human groups to enter this region, during MIS 4 or earlier,
came into contact with pre-existing hominins, but the timing, location and nature of any interactions
remain open questions.
Prior the proliferation of shell midden sites associated with cobble tool assemblages in the late
Pleistocene, the evidence for modern human dispersal and adaptation within these landscapes
remains poorly resolved. The seemingly sudden appearance of modern humans across SEA,
associated with highly adapted subsistence strategies, suggests we may be detecting traces of an
earlier, pioneering phase of settlement at Lida Adjer, Tam Pa Ling and Laang Spean. Later sites may
relate to a subsequent dispersal, which involved replacement of the indigenous population by
groups with more sophisticated subsistence capabilities (Rabett, 2018). The late Pleistocene
middens at sites such as CMC, Ngườm and Hang Boi may, however, represent the indigenous
development of specialised resource management that allowed settlement of the challenging
upland landscapes of Vietnam and MSEA more widely during MIS 2.
These uplands may have formed attractive targets for settlement at that time, due to relatively high
precipitation and the persistence of forest during a period of cold, arid and rapidly changing
conditions. But our understanding of these adaptive processes is restricted by the lack of
information related to occupation or prevailing environmental conditions at a range of sites during
the pre-LGM phases of settlement, and by poor chronological control. The late Pleistocene
sediments underlying the published sequence of middens at CMC (McAdams et al., 2020), have the
potential to offer considerable insights into Pleistocene environments within the catchment, the
processes that led to the onset of the Hoabinhian phenomenon, and the history of human
occupation of North Vietnam. Evidence for significant post-depositional alteration of the CMC
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sediments, however, has prevented this integration of this record into regional narratives. Further
work at CMC must seek to understand in detail the archaeological site formation processes active in
the cave (Derevianko et al., 2012, 2014; Lam and Su, 2014).
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Broken records? The potential of an integrated
geoarchaeological approach to aid cave sediment
interpretation in mainland Southeast Asia
3.1 Introduction
Chapter 2 illustrated the persistent lacunae that characterise our understanding of Pleistocene MSEA
(Barker et al., 2005; Dennell and Porr, 2014; Marwick, 2018). This situation results in part from the illfit of traditional interpretative frameworks to MSEA’s challenging archaeology (Morley and Goldberg,
2017). This is especially apparent in the recording and interpretation of the sedimentary record. In
this chapter I argue that the application of a modern geoarchaeological approach to the
interpretation of tropical cave sediments is critical, both to our understanding of the regional
Pleistocene archaeological and palaeoecological records and to the evaluation of novel findings in
related fields, such as palaeogenetics.
I first provide a brief scientific background and epistemological history of the geoarchaeological study
of cave sediments, followed by a consideration of site formation process studies and the key
methodological developments and findings of the last four decades. I then outline an approach that
may be employed by researchers in the region, consisting of a range of research questions and
analytical techniques that can be selected and adapted to investigate specific aspects of the cave
sedimentary record. Only by incorporating such an approach into future regional archaeological
studies can we hope to develop high-resolution narratives of changing human activity and
environments through time.

3.2 Background: Earth sciences and archaeological deposits in caves
Geoarchaeology is an umbrella term, covering the use of Earth science techniques to investigate the
archaeological record (Canti and Huisman, 2015; Karkanas and Goldberg, 2018a). Morley (2017)
identified three central aims of modern geoarchaeological enquiry:
•

To understand the processes of archaeological site formation, preservation and destruction;

•

To assess the integrity and stratigraphy of archaeological sites and the depositional and postdepositional histories of their constituent sediments;
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•

To situate humans within the Quaternary landscape and understand the nature of humanenvironment interactions through time.

Sediments are the major constituent of archaeological sites and of the archaeological record more
generally (Patrik, 1985; Karkanas and Goldberg 2018a). To understand the relationship between a
sedimentary record and past human activity, one must understand how those sediments have been
affected by non-anthropogenic depositional and post-depositional processes, and precisely how any
investigated anthropogenic materials came to be included within them (Schiffer, 1983; ShahackGross, 2017). Accordingly, the centrality of Earth science expertise to producing secure
archaeological interpretations can be traced back to the origins of human evolutionary studies.
Darwin’s (1859, 1872) evolutionary hypotheses were contested by creationist scholars, but Lyell
(1830) provided a widely accepted geological framework within which the deep-time evolutionary
history of humanity could be accommodated. Lyell’s expertise meant that he was included as a
scientific observer during William Pengelly’s excavation at Brixham Cave in Torquay in 1858, where a
substantial speleothem deposit was used to prove that an underlying fossil assemblage was both
intact and ancient (Trigger, 1989). In the mid-19th century there were no avenues for chronometric
dating and a scientific understanding of cave formation (speleogenesis), and sedimentation
processes was only just being developed (Kambesis, 2007), but the necessity of involving Earth
science expertise to corroborate archaeological interpretations of stratigraphy and the integrity of
investigated deposits was recognised.
3.2.1

Speleogenesis

Caves can refer to a wide range of subterranean spaces (Goldberg and Sherwood, 2006; Gillieson,
2009), but this thesis is concerned only with cavities that form in sedimentary carbonates
(predominantly limestone) through karst weathering processes. Caves form in limestone as calcium
carbonate is dissolved by groundwater saturated in CO2 (Fig. 3.1; Ford, 1988). This may occur below
the water table in the “phreatic zone”, where water moves through flooded channels under
pneumatic pressure and forms characteristic elipse-shaped passages through dissolution (Lewin and
Woodward, 2009). Limestones may protrude above the water table due to the land uplifting or the
sea level falling, forming the “vadose zone” where cave passages may be only partly flooded. Here,
percolating groundwaters may erode the limestone at a much higher rate through a combination of
physical and chemical weathering processes (Gillieson, 2011).
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Figure 3.1: Idealised cross-section through a multi-stage karst system. Water enters the system through sinking streams,
dolines and the epikarst, forming steep-sided passages in the vadose zone. Upon reaching the water table, water follows
gently sloping phreatic passages to its resurgence. The epiphreatic zone is a result of fluctuations in the water table, where
flooding creates complex, looping overflow routes when the lower phreatic passages are overwhelmed. Taken from Audra
and Palmer (2011).
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Vadose weathering can result in karst landscapes, with characteristic topographic features formed
through dissolution and predominantly subterranean drainage (Ford and Williams, 1989; Salomon,
2006; Dreybrodt, 2012). Various classificatory systems exist to describe karst topography, but karst
landforms vary extensively according to climate, lithology and other geographical factors, and the
Chinese nomenclature (Section 2.2.1) is best suited to describing karst in SEA (Smart et al., 1986;
Gillieson, 2005; Waltham, 2008; Huang et al., 2014).
3.2.2

Cave sediments and their potential as environmental records

The weathering processes, dynamic subterranean streams and open solution features that are
characteristic of karst landscapes allow for a variety of chemical and clastic sediments to accumulate
in caves (White, 2007). Clastic sediments can be found both deep within caves and at their
entrances. These include autochthonous material, originating from various locations within the cave
system, and allochthonous materials transported into the cave by a variety of environmental
processes (Table 3.1; Fig. 3.2). Chemical sediments may also be found throughout caves, but are
more likely to be deposited in deeper sections where a constant temperature and high relative
humidity are conducive to authigenic mineral precipitation (Goldberg and Sherwood, 2006).
While the coarse fraction of cave sediments may be useful as an indicator of broad-scale
palaeoclimate shifts (e.g. between glacials and interglacials), such changes in cave sedimentation
commonly reflect microclimate rather than regional climatic shifts (Miller et al., 2016). Microclimate
is a function of local factors, including bedrock lithology, aspect, drainage and resident biota.
Although the coarse fraction may reveal some trends in regional climate, high-resolution
investigations of the physical and chemical properties of the fine fraction are better targets for
nuanced environmental reconstructions (Woodward and Goldberg, 2001).
Speleothems are chemical sediments formed through authigenic carbonate precipitation and they
take many different forms. Stalagmites and stalactites may accumulate in quasi-annual layers and
preserve biogeochemical signals of environmental change, so they are an attractive target for
geologists and Quaternary researchers (White, 2007). In recent decades, guano deposits have also
provided biogeochemical records of catchment-scale environmental change, although generally at a
much coarser resolution than those from speleothems (e.g. Bird et al., 2007). Attempts to use
proxies such as the magnetic susceptibility of cave sediments to reconstruct sedimentary processes
within the catchment often fall foul of the complexity of cave sedimentation, relying on simplistic
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Table 3.1: Types of cave sediments and likelihoods of their allochthonous and autochthonous occurrences. Modified from
Goldberg and Sherwood (2006), based on (White, 1988). Red rectangle highlights reworked clasts of chemical sediments
that have been mobilised by roof collapse or physical weathering
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Figure 3.2: A variety of authigenic and allogenic inputs and resulting sediments that may accumulate in different parts of a cave system. Taken from Gillieson (2009).
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explanations of stratigraphic changes in the physico-chemical properties of complex, polygenetic
sedimentary records (Lewin and Woodward, 2009). Other sediments deposited deep in caves, such
as thick banks of mud and clay, may pose significant difficulties of interpretation due to their
polygenetic origins and histories of erosion and redeposition by dynamic hydrological systems
(White, 2007). These problems demonstrate the difficulty of disentangling the depositional histories
of cave sediments when using traditional methods, and this is particularly true for the complex
sedimentary records that constitute archaeological sites in the photic zones of caves (Goldberg and
Sherwood, 2006).
3.2.3

Anthropogenic sediments in cave entrances

The diversity of sediments that accumulate in cave entrances form a major archaeological resource
(Goldberg and Macphail, 2006). Where accessible these areas provided shelter and comfort to
prehistoric hominins (Barker et al., 2005) and, accordingly, some formed foci of recurring human
occupation over periods of millennia (Dennell, 2018). Protection from the elements is also the
reason that caves form a focus of archaeological research today (Mallol and Goldberg, 2017), as the
environmental processes that weather away and remove archaeologically important material in open
landscapes may be mitigated to some extent in caves. Anthropogenic sediments in caves may include
combustion residues, food waste, microartefacts and geological/pedological clastic material
transported to the cave site (Goldberg and Sherwood, 2006). Caves also provide shelter to nonhuman animals and form potential homes for hyaenas, bats and bears among others. Caves
accumulate a diverse range of material deposited by those creatures as well as being subject to
bioturbation (Anderson, 1997; Shahack-Gross et al., 2004; Hunt et al., 2015; Wurster et al., 2015;
Mallol and Goldberg, 2017; Morley et al., 2019).
As open cavities in the landscape, cave entrances are also likely to accumulate a range of sediments
that are in transit due to colluvial, fluvial, aeolian and chemical weathering processes (Bosch and
White, 2004; White, 2007). Cave entrance sediments can therefore preserve crucial information
about processes of environmental change in the wider catchment (Woodward and Goldberg, 2001;
Gilbertson et al., 2005; Bird et al., 2007; Roberts et al., 2009; Wurster et al., 2019). But the diverse
biotic, atmospheric and geological depositional agencies that are active within these confined spaces
over extended periods frequently result in complex stratigraphies, with multiple episodes of
sediment reworking and erosion and the potential for significant chemical change (Hunt et al., 2015;
Morley, 2017; O’Connor et al., 2017a).
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The anthropogenic sediments contained within caves may document human activity and
environmental change at an extremely high resolution, but they can only be interpreted by
understanding the site- to micro-scale palaeoenvironments and associated syn- and postdepositional processes that can mask the original properties and mode of deposition of the
sediments (Goldberg and Sherwood, 2006). Reconstructing past interactions between human
communities and their surrounding environments at an archaeological site therefore necessitates a
holistic approach, to tease apart the anthropogenic and environmental signals contained within the
archaeological sediments and to reconstruct the complex depositional and post-depositional
histories of buried materials (Goldberg and Berna, 2010).

3.3 Modern geoarchaeological approaches: the study of site formation processes
While Cornwall (1958) first applied soil micromorphology to study past environments in an
archaeological context (Macphail et al., 1990), it was following the theoretical advances of the
processual archaeologists in the later 20th Century that attention focused on the use of earth science
techniques to understand the formation and preservation of archaeological sites (Renfrew, 1976).
Within this emergent (sub)discipline of geoarchaeology, researchers explored the application of
geological and pedological methods to interpret archaeological sediments (Shackley, 1979; Laville,
1976), using modern modern analogues and experimental work to test hypotheses (Shackley, 1976).
The theoretical principles of site formation were most cogently articulated by Schiffer (1987), who
proposed that the fullest possible explanation of all anthropogenic and natural processes to have
acted upon archaeological deposits (referred to as C-transforms and N-transforms, respectively) was
necessary to accurately relate the excavated record to past human behaviour. The suggestion that
the relationships between human activities and archaeological deposits could be explained by
general scientific laws was criticized as naïve at the time (Goldberg, 1989) and has now been
discredited along with positivist approaches to the archaeological record more generally (ShahackGross, 2017). But the idea that the anthropogenic and environmental processes that have acted
upon archaeological sediments can be disentangled continues to underpin geoarchaeological
research (Morley, 2017).
Modern geoarchaeological investigations rely upon multiple strands of evidence, borrowing
techniques from diverse fields, including ecology, geology and soil science (Canti and Huisman, 2015)
to reconstruct the history of the formation, preservation and degradation of archaeological sites
under the broad heading of site formation processes (Schiffer, 1983; Goldberg and Bar-Yosef, 2002;
Mallol et al., 2009; Rabett et al., 2011; Morley et al., 2017; Shahack-Gross, 2017). Ideally, this
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Figure 3.3: Understandings of site formation processes underpin the interpretation of archaeological sediments and the
artefacts they contain. First, geoarchaeological methods are used to understand the natural transformation processes (Ntransforms) that have affected materials within an excavated context. This information is then used to assess how closely
that context relates to human depositional activity. When the preservation of archaeological contexts is understood,
hypotheses can be generated about what activities the context might relate to and how they relate to the lifeways of the
human groups being studied (the systemic context). Taken from Shahack-Gross (2017).
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provides a stratigraphic and taphonomic framework within which traditional macro-artefact
assemblages can be understood (Fig. 3.3; Goldberg and Sherwood, 2006).
Site-scale geoarchaeological investigation necessitates a critical, scientific assessment of the nature
of the archaeological evidence at a given site (Karkanas and Goldberg, 2018a). The inherent potential
of such data to conflict with or inhibit the interpretations of archaeological investigators may be a
factor in the limited application of (micro)geoarchaeological methods (Goldberg and Sherwood,
2006; Shahack-Gross, 2017; Goldberg and Aldeias, 2018). But microstratigraphic contextualization
can be critical to understanding site stratigraphy, assessing the integrity and interpretation of
archaeological deposits, and securely placing human activities within their spatial, environmental
and temporal contexts (Goldberg and Macphail, 2006). In particular, when constructing site
chronologies and interpreting scientific age estimates, it is important to understand whether
archaeological sediments are the result of short-lived depositional events, or palimpsests that
commonly result from repeated activities and episodes of disturbance (Matthews et al., 1997;
Goldberg and Berna, 2010; Shillito, 2017). Thin-section micromorphology can be an invaluable tool
for collecting this information (Macphail and Cruise, 2001; Macphail and Goldberg, 2010).
Using methods developed in the Earth sciences to better understand the history of cave sediments
remains critical to human evolutionary studies because the details of hominin evolution and
dispersal remain contested and controversial (Chapter 2). Morley (2017) pointed out that in SEA,
where a single tooth or bone fragment may significantly reshape our understanding of the human
past, the need to accurately assess the context of new finds and their relationships to dated
materials is particularly acute. Furthermore, micro-scale geoarchaeological approaches can provide
the basis of novel archaeological narratives, revealing details of human-environment interactions,
hominin adaptive capabilities or complex behaviours that could not be detected by traditional,
macroscopic methods (Gé et al., 1993; Matthews, 1995; Matthews et al., 1997; Goldberg and BarYosef, 2002; Goldberg et al., 2007; Shillito, 2011a; Shillito et al., 2011b; Mentzer, 2014; Karkanas et
al., 2015; Morley et al., 2017; Vannieuwenhuyse et al., 2017).
3.3.1

Microstratigraphic methods

Disentangling the relative influence of diverse depositional and post-depositional agencies on
archaeological sediments depends on accurate stratigraphic and sedimentological recording in the
field, combined with a suite of laboratory techniques that can be employed to understand the
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various characteristics of the sampled sediments (Anderson, 1997; French, 2003; Arroyo-Kalin, 2014;
Canti and Huisman, 2015; Shahack-Gross, 2017; Karkanas and Goldberg, 2018a).
A powerful tool for site interpretation is thin-section micromorphology, a technique borrowed from
soil science that allows microstratigraphic analysis of materials as they exist within the burial
environment, and provides a basis upon which to contextualise all other analyses (Goldberg, 1983).
Thin-section micromorphology requires oriented, undisturbed blocks of sediment to be removed
from archaeological sites (Fig. 3.4a). This can be achieved through various methods, but, for the
complex and commonly heterogeneous sediments in caves it is appropriate to carefully carve out a
relatively large block and stabilise its exterior with gypsum plaster, before removing it from the
stratigraphic profile and wrapping it securely for safe transport to the laboratory. In the laboratory
the sample is air dried and then soaked in polyester resin to stabilise it and preserve the
(micro-)stratigraphic relationships within the block (Fig. 3.4b,c). The cured, resinated sample is then
cut with a saw and appropriate areas are selected to prepare thin-sections (Fig. 3.4d). These are then
attached to polished glass slides (Fig. 3.4e) and ground to a thickness of ~30 microns to allow
examination of the optical properties of embedded materials using a petrographic microscope (Fig.
3.4f,g; Goldberg, 1983).
Microstratigraphic analyses allow an understanding of the complex histories of polygenetic
sediments through assessment of the microstratigraphic relationships between buried materials and
features that have resulted result from episodes of depositional and post-depositional change
(Davidson et al., 1992; Mallol and Mentzer, 2017), but its effectiveness relies on strategic sampling
and accurate field recording of site stratigraphy and sample position and orientation (French, 2003).
Ideally thin-section analysis allows for stratigraphic interpretation to extend across an unbroken
range of scales from macro-observations in the field to high-resolution microscopy in the laboratory.
Thin-section micromorphology was first applied in archaeological contexts in the mid-20th Century
(Cornwall, 1958) and, despite a relatively slow uptake by researchers working in the wider field of
archaeology, successful studies highlighted the unique and valuable insights that microstratigraphic
analyses could generate (Goldberg and Aldeias, 2018). A prominent example is the seminal
investigation of stabling practices, related to the identification of herbivore coprolites and ash that
contained plant pseudomorphs within laminated cave sediments (Courty et al., 1991). In that study,
micromorphology produced information about maintenance of space and animal husbandry that
would have otherwise been lost, while also confirming inferences of seasonal occupation that were
made from faunal analyses at the site (Macphail et al., 1990).
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Figure 3.4: (a) Block of undisturbed sediment (~10×15 cm), marked by red arrow, is carved out of the stratigraphic profile
and stabilised using gypsum plaster. (Photograph by Dr Mike Morley); (b) Oven-dried block (~20×30 cm), cut open for
sampling (marked by red arrow), in plastic tray ready for soaking in resin; (c) Resin-soaked blocks, marked by red arrows,
curing at ~50°C in a ventilated oven; (d) Cured resin-soaked blocks, cut with a saw and ready for thin-section sample
selection. Approximate area of panel e marked with red rectangle; (e) Flatbed scan of thin-section sample taken from shell
midden at Ngườm rockshelter, North Vietnam; (f) Photomicrograph of bone fragment, blue arrow marks area of bacterial
degradation, yellow arrow marks ashy crystals coating voids (plane-polarised light, PPL); (g) As in panel f, but in crosspolarised light (XPL).
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But micromorphology is not a panacea and the technique often yields the most valuable results
when used in combination with other analyses that are applied at the micro-scale (Mentzer and
Quade, 2013). While this thesis will focus on the application of complementary geochemical
techniques, a push towards multi-proxy, microstratigraphically contextualized analyses has been a
feature of a varied body of work from across the field of archaeological science (Matthews, 2010).
This represents an effective strategy for reducing the impact of equifinality of interpretation (Shillito,
2017) and particular successes have come from the combination of thin-section micromorphology
and phytolith studies (Shillito, 2011a; Shillito, 2011b; Shillito and Ryan, 2013). Micromorphology, lipid
biomarkers and phytolith analysis have been used to examine changing use of space and differential
treatment of waste in the complex, proto-urban settlement of Çatalhöyük (Shillito et al., 2011;
Shillito et al., 2013), where research shows that areas used for dumping of household waste became
public spaces with social functions in later phases of activity at the site. The combination of thinsection micromorphology with other analytical techniques continues to yield scientific
breakthroughs, and recent work has successfully recovered ancient DNA from bone and coprolite
fragments suspended in resin-soaked block samples for thin-sample analysis (Massilani et al., 2022).
3.3.2

Complementary geochemical and mineralogical techniques

The ability to apply geochemical or mineralogical analytical tools directly to thin-sections or bulksediment samples from the same area of site stratigraphy is particularly useful when analysing
isotropic materials that are difficult to identify using optical means (e.g. oxides, humic and fulvic
compounds and/or phosphate minerals) (Mentzer and Quade, 2013).
Scanning electron microscopy
Scanning electron microscopy (SEM) allows for geochemical and mineralogical analysis of thinsection and wafer samples at extremely high spatial resolution (Bisdom, 1981; Bisdom et al., 1983;
Stoops, 1983; Mentzer and Quade, 2013; Morley et al., 2019). Using SEM, samples are bombarded
with a focussed electron beam and backscattered electron microscopy (BSEM) detects high-energy
electrons that are reflected through elastic interaction with the analysed sample (Turner–Walker and
Syversen, 2002). This provides spatial information about mineralogical differences based on the
electron density of the analysed materials, as those made up of heavier elements will backscatter a
higher proportion of electrons than will lighter elements (Fig. 4.5a,b; Turner-Walker and Jans, 2008).
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Figure 3.5: (a) Backscattered electron microscopy (BSEM) image of vivianite (marked by red arrow) precipitated on exterior
surface of bone that has recrystallised with globular morphology (marked by blue arrow). Inset frame shows surrounding
area. Taken from Turner-Walker (2012); (b) BSEM image of electron-dense oxide spheroid (marked by red arrow),
precipitated in haversian canal and surrounded by less-electron-dense bone mineral (marked by blue arrow). Inset frame
shows surrounding area. Taken from Turner-Walker (2012); (c) Photomicrograph of phosphatised carbonate rock fragment
in thin-section, with extent of panels d and e marked by green rectangle, taken from Morley et al. (2019); (d) Electron
density scanning (SEM-EDS) map of relative calcium concentrations in reaction rim of phosphatised carbonate rock
fragment as highlighted in panel c. Denser blue areas correspond to higher calcium concentration. Taken from Morley et al.
(2019b); (e) SEM-EDS map of relative phosphorous concentrations in reaction rim of phosphatised carbonate rock fragment
as highlighted in panel c. Denser green areas correspond to higher phosphorous concentration Taken from Morley et al.
(2019).
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The focussed beam is a source of excitation that may cause electrons to be ejected from the energy
levels of analysed atoms (Goldstein et al., 2013: 12). When an electron is ejected from an inner shell
of an atom in this way, an electron from an outer shell will move to replace it and the difference in
energy between the two shells will result in a characteristic X-ray emission (Bisdom, 1981). Energy
dispersive spectroscopy (SEM-EDS) measures the quantity and energy of X-rays emitted and the
elemental constituents of the sample can be assessed because of the fixed relationships between
emitted X-rays, energy levels and atomic structure of investigated elements (Goldstein et al., 2017:
40). How quantitative the resulting, spatially-resolved multi-element data is depends on the
equipment used and whether it can be calibrated (Newbury and Ritchie, 2013), but even semiquantitative elemental data can assist in the identification of certain compounds and in spatial
assessments of diagenetic change (Fig. 3.5c–e).
Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy is a technique of chemical characterisation applied
increasingly in geoarchaeology (Weiner et al., 1993, 1995, 2002; Thompson et al., 2013; Tatar et al.,
2014; Butler and Shahack-Gross, 2017; Dunseth and Shahack-Gross, 2018). FTIR equipment can be
used in the field or in a laboratory on loose sediment samples, but also targeted on thin-sections
using an FTIR microscope, which allows spatial resolution of mineralogical or chemical datasets
(Morley et al., 2017). FTIR spectroscopy involves measuring the wavelengths at which infrared energy
is absorbed or transmitted by vibrating chemical bonds within compounds (Griffiths and De Haseth,
2007: 3).
FTIR data are presented as a spectrum in which the peaks relate to frequencies of absorbance or
transmittance, depending on the methods employed (Griffiths and De Haseth, 2007: 3). Because
vibrating chemical bonds absorb and transmit infrared radiation at characteristic frequencies,
depending on the strength of the bond, the spectral peaks can be used to assess which bonds are
present within an investigated compound and, thus, investigate its molecular structure (Weiner,
2010: 71). Because many compounds have been investigated through FTIR, spectra can be compared
to reference libraries. This provides a rapid way of identifying compounds, if the relevant compounds
are present in the library (Vahur et al., 2016). But assessing changes in peak intensity or position
between related samples also provides a means of investigating variations in chemical structure
between similar samples (Weiner et al., 1993; Sandak et al., 2016), such as the mineralogical changes
observed in bones that have been affected by diagenesis or anthropogenic processes such as cooking
(Fig. 3.6; Thompson et al., 2013; Tatar et al., 2014). FTIR spectroscopy can be used for quantitative
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Figure 3.6: FTIR spectra from caribou and duck bones, heated to a variety of temperatures. Decreasing intensity of the
amide peaks at 1634 cm-1 indicates the progressive destruction of organic material at higher temperatures in both sets of
samples, while increasing separation of the phosphate peaks at 557 cm-1 and 600 cm-1 indicate changes in crystallinity. New
peaks observed in duck bones heated to 1000°C, marked with red β, indicate neoformation of beta-magnesium tricalcium
phosphate. Taken from Butler and Shahack-Gross (2017).
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assessment of the proportions of different compounds within samples, but complex mixtures of
mineral compounds may be difficult to disentangle using FTIR spectra, due to overlapping peaks
(Reig et al., 2002).
Powder X-Ray diffraction
Powder X-ray diffraction (henceforth XRD) is a laboratory-based method of mineralogical
characterisation that can identify and quantify mineral species, even where several are present in
complex mixes (Goldberg and Sherwood, 2006). Crystalline substances act as diffraction gratings for
X-rays of wavelengths similar to the spacing of planes in a crystal lattice. When samples are
bombarded with X-rays the interaction of incident rays with the crystal lattice produces constructive
interference and a diffracted ray (Ryland, 1958; Whittig and Allardice, 1986). Diffracted X-rays are
detected and by scanning the sample through a range of 2θ angles all diffraction directions of the
crystal lattice should be attained, due to the random orientation of the powdered material (Azaroff
and Buerger, 1958). The results are expressed as a diffractogram (Fig. 3.7), which can be compared to
reference libraries manually or using software to assess mineral assemblages (Alves and Omotoso,
2009).
3.3.3

Extrapolation from micromorphological samples

Because thin-section samples consist of a tiny proportion of the sedimentary units at an
archaeological site, how representative of the site stratigraphy they are may be questionable
(Macphail and Cruise, 2001). To mitigate the potential for skewed datasets or misinterpretation it is
necessary to sample archaeological sites in a way that allows extrapolation from thin-section
observations by incorporating complementary techniques that can be more easily or rapidly applied
to a larger body of samples (Goldberg and Macphail, 2006; Goldberg and Berna, 2010; Mentzer and
Quade, 2013; Mallol and Mentzer, 2017).
Geochemical or traditional sedimentological analyses may be applied to samples taken at regular
intervals throughout the site stratigraphy (Goldberg and Macphail, 2006). This means
micromorphological analysis can be used to identify sedimentary processes at major stratigraphic
transitions, while comparisons to field observations and the physical and chemical properties of the
sediments allow similar features to be identified throughout the stratigraphy (Inglis et al., 2017),
reducing the need for time-intensive micromorphological investigation (Fig. 3.8).
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Figure 3.7: Diffractogram produced by X-ray diffraction of powdered apatite. Taken from Sahoo et al. (2016).

Figure 3.8: Stratigraphic diagram showing relationship between micromorphological samples, marked by grey boxes,
sedimentological data from bulk-sediment analyses, and interpretations of site formation processes at Haua Ftea, Libya.
Micromorphology formed the basis of interpretation, but, where layers were not sampled for micromorphological analysis
their interpretation was based on field observations and comparisons with the micromorphological and bulk-sediment
analyses. Taken from Inglis et al. (2017).
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Portable X-ray fluorescence
Portable X-ray fluorescence (pXRF) operates on similar principles to SEM-EDS (above), using an X-ray
beam as an excitation source and incorporating an emitter and detector within a handheld unit
(Weindorf et al., 2014). This means that analysis can be carried out with the analyser applied directly
to a section wall, but the reliability and comparability of the results generated are greatly improved
by sample preparation before analysis (Laiho and Peramaki, 2005) and matrix-matched calibration of
measurements. Uncalibrated pXRF results provide a dataset that is suitable for ratiometric statistical
analysis and extrapolation from microstratigraphic observations, but not for comparison with pXRF
results reported in other studies (cf. Shackley, 2010).
3.3.4

Subjectivity and hypothesis testing

Thin-section analysis relies largely on expertise and/or experience, so the features identified and
their proposed relationships to past human activity can be somewhat subjective. Actualistic research
in experimental and ethnographic contexts, termed geo-ethnoarchaeology (Brochier et al., 1992),
has provided hypothesis testing and allowed a number of key features to be related with a higher
degree of confidence to depositional or post-depositional processes (Friesem, 2016). Shahack-Gross
(2017) concluded that geo-ethnoarchaeological research produces general laws applicable to the
formation of occupation deposits and archaeological sites spanning a variety of cultural, temporal
and geographical contexts. This application is possible because post-depositional processes, unlike
anthropogenic depositional processes, are governed by general laws of physics, chemistry and
biology (Fig. 3.9a).
Investigations of herbivore dung, an important indicator of agricultural activities, illustrate the
importance of geo-ethnoarcharological research. Building on the initial work of Brochier et al. (1992),
Shahack-Gross et al. (2003) and Macphail et al. (2004) discovered that degraded dung layers from
livestock enclosures, across different ecological and cultural contexts, resulted in similar
microstratigraphic features, phosphate mineral assemblages, microfossil inclusions and sedimentary
isotopic signals. Actualistic data from field studies provided a mechanistic understanding of the
degradation of dung deposits over time, leading to the development of a tool-kit that archaeologists
can use to identify the remains of dung deposits and interpret related aspects of site function (Fig.
3.9b; Shillito et al., 2013; Shahack-Gross, 2017; Dunseth and Shahack-Gross, 2018). Similar methods
have been used to develop mineralogical proxies for food preparation processes, and for
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Figure 3.9: (a) Simplified version of Fig. 3.3 showing the focus of geo-ethnoarchaeological research versus that of traditional
ethnoarchaeology. Geo-ethnoarchaeology seeks to understand the environmental processes that determine archaeological
site formation, preservation and degradation. These are chemical and physical processes that are amenable to scientific
investigation, so it is possible to develop widely applicable governing laws in a way that is not feasible for those
reconstructing the cultural processes of archaeological site formation. Taken from Shahack-Gross (2017); (b) Relationships
between the various proxies developed for detecting archaeological dung, and animal enclosures specifically, and the
associated levels of confidence with which they can be relied upon for archaeological interpretations. Taken from Friesem
(2016).
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sedimentary environments that may affect the preservation of archaeological materials (Butler and
Shahack-Gross, 2017).
3.3.5

Dating of cave sediments

Sedimentary records found in caves may contain a variety of materials that are suitable for modern
dating methods (Hunt et al., 2015). While Many dating technologies have been applied to SEA’s
Pleistocene record (Marwick, 2009; Roberts et al., 2009; Dennell and Porr, 2014), sometimes with
inconsistent results, this review will concentrate on three methods that are commonly used in dating
cave sediments: radiocarbon dating; optically stimulated luminescence (OSL); and uranium/thorium
dating (U/Th) .
Radiocarbon dating
Radiocarbon refers to 14C, a radioisotope of carbon that is produced through the interaction of
atmospheric nitrogen with cosmic rays (Taylor, 1997). Radiocarbon combines with oxygen to form
carbon dioxide, which is incorporated into plants via photosynthesis and then into animals as they
eat either plants or other animals that have eaten the plants. When an organism dies, it stops
incorporating radiocarbon and the 14C it does contain begins to decay, with a half-life of ~5730 years.
As time progresses, therefore, the amount of original 14C decreases, reaching background levels after
around 9 half-lives. Age estimates up to ~50 ka can be obtained in favourable circumstances,
provided that any carbon contaminants older or younger than the original 14C are removed by
rigorous chemical pretreatments, prior to 14C measurement (Bronk Ramsey, 2008).
Ages are calculated in ‘radiocarbon years,’ a unit of measurement that must be calibrated to calendar
years in order to account for past variations of 14C activity in the Earth’s atmosphere and differences
in 14C fractionation and reservoir effects for different types of material (Reimer et al., 2009, 2020;
Heaton et al., 2020; Hogg et al., 2020). To this end, a series of internationally-ratified calibration
curves have been produced that are tailored to terrestrial and marine environments around the
world, along with statistical programs to incorporate information about site stratigraphy (Bronk
Ramsey, 1995). Radiocarbon is the most widley-used method of dating, but a number of
complicating factors exist. In addition to sample contamination (especially by modern carbon) it is
also critical to take note of sample taphonomy, to enure that the sample is unequivocally related to
the layer or event of interest and has not decayed or been diagenetically altered in any way that may
distort the age estimate (Bronk Ramsey 2008; Whitehouse et al., 2010).
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Optically stimulated Luminescence dating (OSL)
OSL dating provides a method to estimate the burial time of grains of commonly occurring natural
minerals, such as quartz and feldspar (Rhodes, 2011). Imperfections in the crystal lattice of these
minerals act as traps in which electrons that have become excited by ionising radiation, due mainly
to the radioactive decay of uranium, thorium and potassium inside the crystal and in the surrounding
sediment. The intensity of ionising radiation (the environmental dose rate) is measured in the field
and in the samples taken back to the laboratory. The quartz and feldspar grains are isolated for OSL
measurements in the laboratory, where they are exposed to photons and the intensity of their
luminescence response is used to estimate the radiation energy absorbed by the grain during the
period of burial (the equivalent dose). The equivalent dose divided by the environmental dose rate
provides an estimate of the length of time that has passed since the grain was deposited (Lian and
Roberts, 2006; Wallinga and Cunningham, 2013).
OSL dating of quartz can provide age estimates from a few decades to ~300,000 ka or less, whereas
feldspars may be able to extend to 500,000 years or more in favourable settings (Roberts et al.,
2015). Many factors may affect the equivalent dose values of the buried grains, and also the
environmental dose rate over time, and these must be carefully considered when estimating an OSL
age (Jacobs and Roberts, 2007; Li et al., 2017a). Microstratigraphic methods may detect evidence of
past sediment reworking events, hydrological fluctuations or chemical changes, and these insights
can be integrated with OSL results to improve the accuracy and interpretation of the OSL ages
(Karkanas et al., 2015).
Uranium-thorium dating (U-Th)
U-Th dating, also known as U-series disequilibrium dating (Dutton, 2015), estimates the time passed
since calcium carbonate crystal precipitation by assessing the degree to which secular equilibrium
has been restored between the 230Th radioisotope and its parent radioisotope 234U (Bourdon et al.,
2003; Walker 2005: 68). Th is insoluble in water under normal conditions, so a pure carbonate crystal
that precipitates from water will not contain any Th. U, however, is soluble, and any material that
precipitates from natural water will contain trace U. After such crystals are formed 234U, with a halflife of 245 ka, decays to 230Th, which has a half-life of 75 ka (Walker, 2005: 68). Secular equilibrium
describes a state where, within a sample, the number of radioactive daughter isotope (230Th) decays
per year is equal to the number of radioactive parent isotope (234U) decays per year and, therefore,
the number of daughter radioisotopes produced (IUPAC, 1997).
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Figure 3.10: (a) Photomicrograph of upward-fining events caused by water sorting of silts and clays, Red arrows mark crusts
of fine material; (b) Lenticular aggregates caused by freeze-thaw weathering and interstitial spaces infilled with taranakite,
marked with blue arrows. Taken from Karkanas and Goldberg (2010).

Figure 3.11: (a) Stratified layers of trampled, ashy material with horizontally oriented clasts, deposited on a silt-loam floor.
Upper surface of floor marked by dashed red line, area of panel b marked by yellow rectangle. Taken from Rentzel et al.
(2017); (b) Close-up of upper surface of silt-loam floor (marked by red dashed line) and overlying, trampled ashy deposits.
Taken from Rentzel et al. (2017); (c) Transported soil aggregate (marked by blue arrow) trampled into cave sediments. Taken
from Inglis et al. (2017).
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U-Th dating relies on the assumption of a closed system, therefore it must be reasonably clear that
recrystallisation or diagenesis that may affect the amount of uranium within the sample has not
occurred (Walker, 2005: 70). Speleothems are a commonly targeted material for U-Th dating in caves,
as diagenesis and contamination of those materials are relatively easily assessed (Smart, 1991). But
skeletal remains are increasingly targeted for U-series dating, though bone forms a more open
system that is likely to continue uranium uptake within the burial environment (Pike et al., 2002).

3.4 Modern interpretations of archaeological cave sediments
The application of geoarchaeological techniques have led to significant breakthroughs in the
understanding and interpretation of cave sediments (Goldberg and Sherwood, 2006; Goldberg and
Macphail, 2008; Arroyo-Kalin, 2014; Canti and Huisman, 2015; Shahack-Gross, 2017). Clast
orientation, morphology, depositional relationships and sedimentological features all provide
valuable information about the changing influence of environmental agencies over time (Matthews
et al., 1997). For example, wet-environment sedimentation (e.g. slopewash or slackwater deposits)
results in laminated sediments with characteristic upward-fining textures (Fig. 3.10a; Kühn et al.,
2010; Stoops et al., 2010), while ice-lensing under periglacial conditions typically produces platy or
lenticular structures and banded fabrics (Fig. 3.10b; Van Vliet-Lanoë and Fox, 2018).
Microstratigraphic investigation of such features can record prevailing site-scale conditions at a high
temporal resolution (Matthews, 1995), with considerable scope to correlate long-term differences in
microenvironment with broader climatic shifts (Goldberg and Sherwood, 2006).
Microstratigraphic techniques allow interrogation of archaeological residues at a high resolution, and
ephemeral occupation surfaces or depositional events related to discrete episodes of human activity
may be detected and their relationship to changing environments explored (Fig. 3.11a,b; Gé et al.,
1993; Shillito et al., 2011b; Morley et al., 2017; Villagran, 2019). Such information can provide unique
insights into the nature and rhythm of human occupation (Mallol and Mentzer, 2017).
Microstratigraphic relationships also provide the key to understanding the provenance or
depositional history of clastic materials that are incorporated into sediments (Estévez et al., 2014;
Inglis et al., 2017). For example, microstratigraphic analysis offers the potential to discriminate
between autochthonous silicate residues from limestone dissolution and geochemically similar
silicate minerals that form part of allochthonous soil aggregates (Fig. 3.11c; Fedoroff et al., 2010;
Inglis et al., 2017).
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Microstratigraphic analysis allows examination of the depositional relationships that exist between
anthropogenic materials (Davidson et al., 1992; Macphail and Goldberg, 2010; Vannieuwenhuyse et
al., 2017), enabling the preservation of archaeological deposits to be assessed in terms of how
closely they are related to human activity (Schiffer, 1983). Where favourable preservation conditions
exist, precise spatial or chronological differentiation of activities can be achieved (Milek and Roberts,
2013; Shillito and Ryan, 2013; Shahack-Gross, 2017). In Pleistocene contexts, a focus of attention is
often the detection and differentiation of pyrotechnology and the assessment of the depositional
context of combustion residues (Goldberg and Sherwood, 2006).
3.4.1

Combustion residues

Pyrotechnology reflects complex behavioural traits and provides a proxy that may be used to
differentiate between the cognitive and adaptive capabilities of hominin species (March et al., 2017).
But unambiguously identifying anthropogenic combustion residues remains controversial in many
Pleistocene contexts (Berna et al., 2012). Microstratigraphic approaches enable researchers to
distinguish between a range of combustion features that are representative of different modes of
human behaviour and levels of post-depositional disturbance; they may also enable durable proxies
for burning to be detected, even where less-stable combustion residues have been altered or
removed (Mentzer, 2014).
Assessing the depositional context of combustion residues is key to understanding anthopogenic
burning (Mentzer, 2014; March et al., 2017; Shahack-Gross, 2017). A hearth is a combustion feature
that results from a major burning event (Fig. 3.12a; Goldberg and Sherwood, 2006). Where intact,
these features consist of a basal layer of heated substrate, which may be subject to geochemical
changes, depending on its original mineralogy (Schiegl et al., 1996; Berna et al., 2012; Morley et al.,
2017), overlain by brownish-black, partially combusted charred material. This is in turn overlaid by an
ash layer. Intact hearths result directly from human activities and may be referred to as ‘primary’
depositional contexts (Schiffer, 1972). They may vary greatly in size, morphology and materials
burned, all of which may indicate of the particular function of that hearth or the intensity of
occupation (Fig. 3.12b; Beresford-Jones et al., 2010; Barkai et al., 2017). Combustion residues are
often found in anthropogenic depositional contexts that are removed from the site of their original
use (Mentzer, 2014): these can be characterised by chaotic fabrics indicative of dumping, or be
associated with a range of other interstratified waste materials that indicate their accumulation was
due to hominin behaviours related to maintaining a space (Goldberg and Sherwood, 2006; March et
al., 2017). Combustion residues that have been reworked by environmental agencies may provide
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Figure 3.12: (a) Photograph of stratified, somewhat phosphatised combustion feature consisting of multiple ash layers.
Scale bar is 20 cm. Taken from Shahack-Gross et al. (2014); (b) Flatbed scan of thin-section sample from the combustion
feature in panel a, showing carbonate rock fragment with reaction rim (marked by red arrow) indicative of chemical
changes in the burial environment. Microlaminations of intact ashes (marked by blue arrow) indicate the feature is in situ,
relatively intact and a result of multiple episodes of burning. Taken from Shahack-Gross et al. (2014).

Figure 3.13: (a) Photomicrograph of guano with spongy microstructure (PPL). Taken from Karkanas and Goldberg (2010); (b)
Photomicrograph of yellow apatite nodule, irregular edge of nodule marked by black arrow, formed in diagenetically altered
guano deposit (PPL). Taken from Karkanas and Goldberg (2010).
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less information about use or maintenance of space, but can still demonstrate intensity of
occupation or relative length of occupation events (Goldberg and Berna, 2010; Mallol and Goldberg,
2017; Reeves et al., 2019). The action of environmental agencies themselves, however, may provide
useful information about why a site was used more or less intensively used at certain times
(Matthews, 1995; Matthews et al., 1997; Shillito et al., 2011a).
Whether combustion residues are found in situ or redeposited, they can provide a range of
information about human use of space and changing intensity of occupation over time. While these
features can be conclusively identified at the micro-scale (Mentzer, 2014), they and many other
features, such as decomposed organic matter or oxide precipitates can be confused for burning
events and hominin pyrotechnology at the macro-scale (Goldberg and Sherwood, 2006). An
important function of microstratigraphic techniques is therefore to interrogate such interpretations.
3.4.2

Prospection and taphonomic studies

Reconstructing occupation histories based on analysis of excavated assemblages is invariably
complicated by the processes of decay, degradation and diagenesis that may remove or modify
archaeological materials (Karkanas et al., 2000). Within caves, there are many processes that can
affect the distribution or preservation of archaeological materials (Mallol and Goldberg, 2017), but
almost unique to caves are the biogeochemical processes related to guano-driven diagenesis
(Shahack-Gross et al., 2004; Karkanas, 2017). When bats colonise caves they deposit guano (Fig.
3.13a), and tropical caves may contain substantial, stratified layers of guano (Waltham, 1976;
Gillieson, 1987; Wurster and Bird, 2016). Its potential acidity and high yield of sulphur (S) and
phosphorous (P) can have pronounced effects on the preservation of biominerals such as bone, shell
and ash (Weiner et al., 1993; Stiner et al., 2001; Wurster et al., 2015; Mallol and Goldberg, 2017).
When bat guano is deposited on a cave floor, it begins to break down and acidify (Karkanas, 2017).
This means carbonates (such as ash) and biominerals (such as bone) may become unstable and
dissolve (Shahack-Gross et al., 2004). Insectivorous bats produce guano that may become much
more acidic than that of fruit bats (Wurster et al., 2015; Karkanas, 2017) and, under very wet
conditions, sedimentary pH can drop low enough to promote silicate weathering (Karkanas et al.,
2000). Crucially, the high P content of fresh guano means that as the material decomposes and lessstable minerals are dissolved, phosphate anions are free to bond with liberated cations and
precipitate as a range of authigenic phosphate mineral species (Fig. 3.13b; Weiner et al., 1993, 1995,
2002; Shahack-Gross et al., 2004). The species precipitated are dependent upon a variety of
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Mineral

Formula (ideal)

Description

Occurrence in archaeological sediments

References

Vivianite

Fe2+ Fe2+2 (PO4)2·8H2O

Reduced iron (ferrous) hydrated
phosphate mineral

Anoxic phosphate-rich environments such as lake sediments and latrines.
Not normally found in cave sediments.

Roden and Edmonds, 1997;
Karkanas and Goldberg, 2010;
Heiberg et al., 2012

Apatite

Ca5(PO4)3(F,Cl,OH)

Diverse group of calcium
phosphate minerals

Commonly occurs as biomineral inclusions (bone, enamel) but is also
precipitated through geological processes and forms authigenically in
guano profiles. Apatite minerals are likely to be dissolved and removed as
sedimentary environments become wet and acidic, but may form as
weathering products of other minerals, such as taranakite, when extreme
sedimentary environments are buffered.

Shahack-Gross et al., 2004;
Karkanas and Goldberg, 2010;
Karkanas, 2017

Taranakite

(K,Na)3(Al,Fe3+)5(PO4)2(HPO4)6·18H2O

Iron/aluminium phosphate oxyhydroxide

Forms as a result of extremely wet and acidic conditions that promote
silicate weathering in guano profiles.

Onac and Vereş, 2003; Frost et al.,
2011; Shahack-Gross et al., 2004

Variscite

AlPO4·2H2O

Hydrated aluminium phosphate

Occurs rarely in guano profiles and may indicate silicate weathering in an
acid environment.

Karkanas and Goldberg, 2010;
Shahack-Gross et al., 2004; Mallol
and Goldberg, 2017

Leucophosphite

KFe+32(PO4)2(OH)·2H2O

Hydrated aluminium phosphate
mineral

Forms in guano profiles and is used as an indicator of acidic environments.
May also form in guano as a result of fluctuating redox environments.

Tatur and Keck, 1990; Karkanas et
al., 2000

Crandallite

CaAl₃(PO₄)₂(OH)₅

Calcium-aluminium phosphate
mineral

Has been associated with diagenetic alteration of bone minerals in
archaeological deposits, forming as a result of guano-driven diagenesis.

Goldberg and Nathan, 1975
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Haematite

Fe2O3

Oxidised iron oxide

Bright red iron oxide, forms under oxidising conditions.

Tite and Mullins, 1971

Magnetite

Fe3O4

Reduced iron oxide

Brownish-black iron oxide, forms under reducing conditions.

Tite and Mullins, 1971

Manganese oxide

See Post, 1999

Diverse oxide minerals

Manganese oxides are often associated with fluctuating redox
environments and decomposing organic matter.

Post, 1999

Opal

SiO2·nH2O

Hydrated silica, amorphous
mineraloid

May be introduced to sediments as opal phytoliths, or as a biproduct of
clay or ashes weathering.

Schiegl et al., 1996; Miller et al.,
2016

Gypsum

CaSO4·2H2O

Calcium sulphate dihydrate

Relatively soluble, found in many different environments. Thought to form
in the early stages in of guano-driven diagenesis and not expected to be
dissolved/replaced as sedimentary environments continue to develop.
Has been noted in some early Holocene and Pleistocene guano deposits in
Southeast Asia.

Onac and Vereş, 2003; Stephens et
al. 2017; Wurster et al., 2015

Bassanite

CaSO4·1/2H2O

Hydrated calcium sulphate

May occur as a precursor to, or an alteration product of gypsum.

Onac and Vereş, 2003; Stephens et
al. 2017; Wurster et al., 2015

Table 3.2: A selection of authigenic minerals that may occur in archaeological deposits.
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environmental factors, including pH, temperature, redox potential and elemental concentrations in
the burial environment (Table 3.2; Patrick and Khalid, 1974; Nriagu, 1984; Tatur and Keck, 1990; Onac
and Vereş, 2003; Heiberg et al., 2012). By characterising phosphate mineral assemblages it is possible
to assess whether or not particular archaeological materials are likely to have survived in the burial
environment, and whether stratigraphic or spatial distributions of archaeological materials reflect an
anthropogenic signal or post-depositional weathering and removal through guano-driven diagenesis
(Weiner et al., 1993, 1995, 2002; Schiegl et al., 1996; Karkanas et al., 2000; Stiner et al., 2001;
Weiner et al., 2002; Mentzer, 2014).
Phosphate minerals may be observed in thin-section, but their optical properties are often
uninformative (Goldberg and Macphail, 2006). Additional techniques must be employed to assess
which phosphate minerals are present and, therefore, interpret the effects of post-depositional
change upon artefact distributions (Mentzer and Quade, 2013). Work carried out at Kebara and
Hayonim Cave provide prominent examples of phosphate mineralogy’s use as an aid to
archaeological interpretation (Goldberg and Sherwood, 2006). At Kebara cave an anthropogenic
accumulation of bones was excavated in the centre on the cave, but FTIR detection of phosphate
minerals in the deposits in other areas of the cave indicated that, if bones had been present, they
would have been removed by acidic sedimentary environments (Weiner et al., 1993; Weiner et al.,
1995; Goldberg et al., 2007; Speth et al., 2012). This understanding of sediment diagenesis places
limits on interpretations of human activity based on the spatial distribution of extant bones at that
site.
Ashes at Hayonim Cave were also subject to diagenetic transformations (Goldberg and Sherwood,
2006). Fresh ash consists predominantly of calcite, but also contains minor amounts of siliceous
minerals (Canti, 2003a). Schiegl et al. (1996) proposed that as diagenesis of the ashy deposits in
Hayonim cave progressed, calcite was dissolved and removed, while authigenic phosphates
precipitated. The deposits reduced in volume, so that the siliceous materials (which are more
resistant to diagenesis) increased in relative concentration and the latter were used to infer the both
presence of ashes within the original sediment and the diagenetic processes that affected them
(Goldberg and Bar-Yosef, 2002).
Understanding these diagenetic and taphonomic processes represents a major advance in
geoarchaeological research in the last three decades (Shahack-Gross et al., 2004; Goldberg and
Macphail, 2006; Canti and Huisman, 2015; Shahack-Gross, 2017), but there has been comparatively
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little related geo-ethnoarchaeological research into guano-driven post-depositional processes
(Shahack-Gross et al., 2004; Asryan et al., 2017; Karkanas, 2017; Morley and Goldberg, 2017).

3.5 Tropical cave sediments: interpretative problems
MSEA’s archaeological record has posed persistent problems to traditional investigative methods (see
Chapter 2). While the disparaging characterisations of SEA’s archaeology by early researchers were
undoubtedly rooted in a colonialist worldview and a frustration with the challenging regional lithic
record (Dennell, 2016), the complex sedimentary record in the region’s caves also presented them
serious difficulties of interpretation (Barker et al., 2005). The few geoarchaeological investigations
that have targeted cave sites in SEA (Gilbertson et al., 2005; Stephens et al., 2005, 2017; Barker et al.,
2007; Dykes, 2007; Lewis, 2007; Lewis et al., 2008; Hunt and Barker, 2014; Morley et al., 2017;
Stephens et al., 2017) have each highlighted the problematic nature of the records they contain. This
underscores the need to develop geoarchaeological frameworks of interpretation that are tailored,
to both the challenges they present and the questions that must be asked of them (Kourampas et al.,
2009; Morley, 2017). Morley and Goldberg (2017) considered that assessing the evidence for
regionally-specific modes of sedimentation or post-depositional change should form a research
priority in order to integrate the archaeological record of tropical zones into global narratives.
3.5.1

Site formation processes in tropical caves

The sedimentary processes that operate in caves at higher latitudes also operate in tropical zones
(Shahack-Gross, 2017), but at different rates and with varying intensities (Gupta, 2011). The uniquely
weathered soilscapes of the tropics (Fig. 3.14) suggest that tropical conditions are likely to have had
pronounced effects on the diagenetic processes that affect cave sediments; these processes remain
incompletely quantified even in more studied zones (Karkanas et al., 2000; Shahack-Gross et al.,
2004; Karkanas, 2010, 2017). The suites of features and the mineral species found in tropical caves
may differ from those in caves elsewhere, and studies of guano profiles in caves have noted the
presence of soluble sulphate minerals in mature sediments (Wurster et al., 2015; Stephens et al.,
2017). Their occurrence does not fit easily into prevailing models of guano-driven diagenesis, and is
particularly unexpected under warm and humid conditions (Shahack-Gross et al., 2004). Morley
(2017) drew attention to some effects of SEA’s endemic fauna upon assemblage taphonomy, but the
effects on on site formation processes of thriving ecosystems in the mouths of tropical caves
(Waltham, 1976; Gillieson, 1987) remain little-explored compared to the well-documented effects of
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Figure 3.14: Photograph of railway in Northern Australia passing through excavated section of an ultisol, a deeply
weathered soil profile characteristic of tropical zones. Photograph by Singer (2002). Taken from
http://lawr.ucdavis.edu/classes/ssc100/Australian_Ultilisol.html
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microfauna on temperate European archaeological sites (e.g. Canti, 2003b; Kooistra and Pulleman,
2010).
Pleistocene archaeological deposits within SEA’s caves have been characterised as scant
anthropogenic materials suspended within geogenic sediments (Anderson, 1997). Post-depositional
disturbance is pronounced in many of the region’s caves and there may be little opportunity to
identify features or individual contexts within large lithostratigraphic units (Barker et al., 2005;
Morley, 2017). Even where sediments may appear horizontally bedded and finely stratified, such as
the early Holocene deposits at Lang Rongrien in Thailand, radiocarbon chronologies commonly
contain age inversions indicative of a taphonomic issue or some otherwise undetected disturbance
(Anderson, 1997).
A brief review of microstratigraphic studies of Southeast Asian cave sediments from the past two
decades serves to illustrate both the difficulties of successfully integrating geoarchaeological
methods into archaeological investigations, and the potential of well-integrated geoarchaeological
investigations to generate high-resolution narratives of human occupation and environmental
change at tropical cave sites.
3.5.2

Applications of microstratigraphic methods in tropical cave settings

Effective microstratigraphic investigations are those that are integrated into wider research projects
and designed to generate the stratigraphic and taphonomic data that are so critical to archaeological
interpretation (Karkanas and Goldberg, 2018a). Over the past two decades, geoarchaeological
investigations in SEA, and tropical caves more generally, have become better integrated into
archaeological projects and more effectively employed a combined approach to generate detailed
histories of Site Formation Processes that can inform wider archaeological narratives. Some
microstratigraphic studies of Pleistocene archaeological sites in the tropics are less relevant to this
thesis, for example, Kourampas (2009) presented a detailed study of rockshelter sedimentation in Sri
Lanka, but that site is situated in volcanic/metamorphic rock and the post depositional processes
recognized there may not be analogous to those in karstic caves and rockshelters. Investigations at
Niah Cave and Liang Bua, however, provide prominent examples that demonstrate the value of
modern, geoarchaeological methods.
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Niah Cave
During the 50s and 60s, Tom and Barbara Harrisson led investigations at Niah Cave, which
incorporated the most modern techniques of excavation and recording in use at the time. But
despite input from geologists, the complex and subtle evidence for stratigraphic change presented
them with serious difficulties of interpretation (Barker, 2013). Harrisson believed there was little
meaningful stratigraphy in the West Mouth sediments, writing “where we have been excavating, the
visual picture is predominantly uniform. There are no distinctive strata or deposition layers. There
are some distinctive features, notably a sterile pink and white band. But these again raise new
problems (Harrisson, 1958 in Gilbertson et al., 2013). Harrisson attributed sedimentation to gradually
accumulating airfall guano and degrading limestone, and while noting the post depositional
disturbance caused by burrowing fauna and the destructive effects of guano upon bone and shell,
Harrisson did not recognize the impact of fluvial and colluvial processes on sedimentation
(Gilbertson et al., 2005, 2013).
Majid (1982) developed a new radiocarbon chronology for the site and disproved Harrison’s basic
age-depth model, but that investigation also struggled with the complex site stratigraphy and
extensive evidence of post-depositional change (Gilbertson et al., 2005, 2013). Barker et al.’s (2005,
2007, 2013a) re-examination of the site, the Niah Caves Project, found far more complexity then was
recorded during earlier investigations (Gilbertson et al., 2013). This meant that material contained in
the archives was difficult to relate to stratigraphic units at the site. Their stratigraphic reinvestigation
led to a radical reinterpretation of site stratigraphy and chronology (Gilbertson et al., 2013; Stephens
et al., 2005, 2016. 2017), which provided a framework for relating finds and observations, such as
those related to Pleistocene human fossils, from previous excavations to the modern (Barker et al.,
2013a).
Sedimentological reassessment revealed an extremely complex series of lenses resulting from massmovement events and sediment reworking in many directions within the cave mouth (Barker et al.,
2013) and further analysis using laboratory techniques such as thin-section micromorphology,
geochemistry and particle-size analysis were used to confirm or refine hypotheses based on field
observations (Gilbertson et al., 2013; Lewis, 2016; Stephens et al., 2005, 2016, 2017).
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Significance of geoarchaeological investigations at Niah Cave
The findings of geoarchaeological research at Niah Cave helped to contextualise the results of
archaeological and palaeoecological analyses that have led to a substantial revision of
understandings of subsistence and adaptation in rainforest environments (Barker et al., 2013; Hunt
and Barker, 2014). But this body of geoarchaeological work has also significantly advanced our
understanding of the dynamic nature of sedimentation in tropical cave mouths (Barker, 2013;
Gilbertson et al., 2013; Morley, 2017). Furthermore, microstratigraphic analysis, in the form of thinsection analysis and micro-excavation, was proven to be extremely useful in identifying and
differentiating between types of human activity and depositional environments that were
represented in the sedimentary record at Niah Cave (Hunt and Barker, 2014; Lewis, 2016; Stephens
et al., 2016, 2017).
While the geoarchaeological investigations at Niah Cave were well-designed and successfully
integrated into wider archaeological investigations, micromorphological analyses were not
supplemented by the geochemical and mineralogical analyses that are essential for phosphate
mineral identification (Stephens et al., 2016, 2017). This means that the extent and nature of postdepositional diagenetic change, related to guano decomposition, in a number of stratigraphic units
may be considered open questions (Lewis, 2016).
Liang Bua
Liang Bua is a large, open cave with a decades-long history of investigation (Brown et al., 2004;
Morwood et al., 2004, 2005; Brumm et al., 2006; Tocheri et al., 2007; Moore et al., 2009; Westaway
et al., 2009a). The deposits contained at the site show considerable variation both vertically and
laterally, with interstratified units resulting from fluvial, volcanic and colluvial agencies, limestone
weathering processes and biotic occupations. The earliest stages of sedimentation were dominated
by incursions of the Wae Racang river (Westaway et al., 2009a), but karstic and diagenetic processes
have exerted a strong influence on cave development and sedimentation throughout its history
(Roberts et al., 2009). Liang Bua may have been less affected by bioturbation than other prominent
caves in the region, due to the formation of capping flowstones that have helped preserve the
Pleistocene deposits (Westaway et al., 2009a).
Sutikna et al. (2016) identified a major erosive event in the stratigraphic sequence that had truncated
the sediments immediately above the H. floresiensis. A series of radiocarbon, luminescence, uranium
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Figure 3.15 (previous page): (a) Stratigraphic diagram of western profile of Sector XXIV at Liang Bua, showing units investigated (circles) and positions of micromorphological samples
(rectangles) targeting major stratigraphic transitions and sediments of interest. Age estimates are presented on the right, radiocarbon age determinations (ka cal. B.P.) in black, 234U/230Th
determinations (ka) in blue. Taken from Morley et al. (2017); (b) Photomicrograph of distal expression of Tephra T3, showing upward-fining texture indicative of airfall (marked by red arrow)
and underlying planar void indicative of heat-shrinking (marked by blue arrow) (sample MM7, PPL). Taken from Morley et al. (2017); (c) Flatbed scan of thin-section MM6B (darkfield), showing
clearly defined tripartite hearth structure characteristic of in situ combustion features. The underlying, reddened substrate (yellow arrow), the charred layer of partly combusted material (red
arrow) and the fully combusted ash layer (blue arrow). Taken from Morley et al. (2017); (d) Flatbed scan of sample MM4, showing phosphatised flowstone with positions of FTIR and Raman
spectra, indicating that the flowstone has reprecipitated as carbonated apatite with an underlying layer of manganese oxide (MnO2) due to guano-driven diagenesis. Taken from Morley et al.
(2017)
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series and 40Ar/39Ar ages was used to provide a refined chronology for the site, placing all H.
floresiensis skeletal remains in the period 100–60 ka and artefacts to as recently as 50 ka. The erosive
was followed, some time later, by the arrival of modern humans, with the earliest evidence dating to
~46 ka (Sutikna et al., 2016, 2018).
Morley et al. (2017) selected nine micromorphological samples to investigate the major stratigraphic
changes and features exposed at the rear of the cave (Fig. 3.15a). The lowermost H. floresiensis
layers consisted of colluvial sediments, which were overlain by a flowstone dated to 65–50 ka and
layer of volcanic ash (tephra T3), that overlies the latest artefacts attributed to H. floresiensis.
Microstratigraphic analysis revealed that T3 formed a coherent layer in this area and was associated
with underlying planar voids indicative of heat-shrinkage of the underlying sediments (Fig. 3.15b).
The overlying, calcareous sediments have reduced proportions of fine silts and clays and increased
proportions of angular carbonates and physically weathered inclusions (Morley et al., 2017). These
characteristics are indicative of sedimentation and sub-aerial weathering under drier conditions
between ~40 ka and the LGM. Stratified combustion features within these deposits include in situ
hearths (Fig. 3.15c) and lenses of combustion biproducts that are indicative of ephemeral surfaces. A
flowstone directly overlying these sediments indicates the subsequent onset of wetter conditions
and FTIR spectroscopy revealed that this flowstone has reprecipitated as carbonated apatite due to
guano-driven diagenesis; percolating, phosphate-rich water has resulted in limited decalcification of
the underlying calcareous sediments (Fig. 3.15d).
Significance of microstratigraphic investigations at Liang Bua
Previous work had determined that colluvial sediments in the sequence were derived from deposits
to the rear of the cave, and microstratigraphic methods have revealed their relationship to
oscillations in the intensity of hydrological conditions at the site (Fig. 3.16; Morley et al., 2017). These
changes could then be tentatively correlated with broad-scale climatic oscillations, switching from
humid colluviation to dry-environment sedimentation occurred after ~47 ka and before ~41 ka,
potentially associated with the peak in humidity identified at 44–41 ka (Westaway et al., 2009). The
onset of calcareous sedimentation and evidence for hominin pyrotechnology is dated to about ~41–
38 ka in this part of the cave, broadly supporting a significant reduction in humidity.
These correlations provide a coarse climatic background to sedimentation in this part of Liang Bua,
but a larger dataset would enable sedimentation in other parts of the cave to be compared with
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Figure 3.16: Schematic diagram illustrating the history of sedimentation at the rear of Liang Bua, as inferred from the
integration of micromorphological analysis of the stratigraphic profile in Fig. 3.14 with earlier stratigraphic and
sedimentological analyses from Westaway et al. (2009). Taken from Morley et al. (2017).
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hydrogeological and climatic shifts in the wider catchment (Morley et al., 2017). Similarly, while a
range of sedimentary constituents, including a wide variety of clay aggregates were observed, future
work may enable the provenance of these diverse inclusions to be established and, therefore, a more
accurate assessment made of the sources of sediment delivered to the cave.
The microscopic evidence for pyrotechnology at Liang Bua was a major finding of Morley et al. (2017)
and the fact that combustion features are only found in sediments that post-date the last H.
floresiensis occupation of the site suggests that they are exclusively associated with modern humans
(Morley et al., 2017). The preservation of largely intact sequences of combustion features also
suggests that spatial differentiation of site use may be possible, underscoring the value of integrating
spatially-resolved excavation practises into archaeological investigations in SEA (Anderson, 1997).
A common feature of prehistoric hearths is burned or calcined bone that is generally assumed to be
waste from domestic activity (Berna et al., 2012; Mentzer, 2014) but the hearths at Liang Bua had
very low frequencies of burned or calcined bone. This may indicate some difference in function, but
micromorphological studies of Pleistocene combustion features in SEA are generally confined to
dissociated components rather than stratified hearth deposits (Morley, 2017; Morley et al., 2017), so
our understanding of related occupation activities in the region is limited. As the combustion
features at this part of Liang Bua appear to be better-preserved than many other sites within SEA,
they are particularly important for understanding similar sequences at other, less well-preserved
sites in the region (Shahack-Gross, 2017). FTIR and Raman spectroscopic analyses analysis were
incorporated into this investigation, allowing phosphate minerals and diagenetic processes to be
identified with confidence (Morley et al., 2017). But other details of diagenetic processes within the
burial environment, particularly the deposition of chemical sediments and the amorphous signals
generated from compounds that appear crystalline in thin-section remain to be elucidated by future
work. While these are not strictly archaeological questions, diagenetic processes have profound
effects on assemblage taphonomy and should be thoroughly explored to obtain a more complete
understanding of the archaeological record through time (Karkanas et al., 2000; Shahack-Gross et al.,
2004; Karkanas, 2010, 2017).

3.6 A tool kit for the tropical geoarchaeologist
In this chapter I have demonstrated the potential for geoarchaeological research to generate novel
archaeological narratives in tropical contexts, briefly discussed the battery of techniques that are
available, and highlighted the need to select appropriate methods and approaches to answer specific
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research questions. All interpretations ultimately rely upon accurate field observations, precise
documentation and a meticulous sampling protocol, but thin-section micromorphology can help
contextualise the results of other analyses and generate high-resolution histories of human
occupation and environmental change at the site-scale. A microstratigraphic approach, therefore,
forms the basis of interpretation in this thesis.
As indicated above, significant uncertainties remain regarding the effects of tropical conditions upon
archaeological site formation processes in caves. Resolving related questions is likely to involve
actualistic experimental work, because such reference data enables the results of field observations
to be related to depositional and post-depositional processes with a higher degree of certainty
(Shahack-Gross et al., 2003; Friesem, 2016). More broadly, secure identification and interpretation of
microstratigraphic features depends on a reliable body of reference data from both field studies and
experimental contexts. Because archaeological research has predominantly focussed on higher
latitude regions in the northern hemisphere, there is an acute lack of geoarchaeologically relevant
reference data for tropical zones (Morley, 2017; Morley and Goldberg, 2017). This thesis takes a geoethnoarchaeological, and experimental, approach to help resolve such issues for SEA.
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4.1 Note on authorship
This chapter is a paper (McAdams et al., 2020) that was peer-reviewed and published in
Geoarchaeology. Conor McAdams was first author, but other listed authors (above) made
contributions to this work that are made explicit in this introduction. Fieldwork at Con Moong Cave,
North Vietnam was carried out from 2008–2014 by a joint team of researchers from the Siberian
Branch of the Russian Academy of Sciences, led by Alexander Kandyba and Anatoly Derevianko, and
researchers from the Vietnamese institute of archaeology Hanoi, led by Dong Truong Nguyen and
Nguyen Gia Doi. In 2014 Mike Morley and Richard Roberts visited the site and collected the majority
of samples that were used in the geoarchaeological and geochronological research conducted in this
study. Conor McAdams and Xiao Fu visited the site in 2017 to collect a smaller number of samples
that were necessary to further refine the chronology and stratigraphy of the site. At UOW, Australia,
Xiao Fu carried out the optically stimulated luminescence (OSL) dating analyses on bulk sediment
samples, while Conor McAdams prepared and analysed thin-section samples as well as conducting a
range of sedimentological and geochemical analyses on excavated bulk-sediment samples, including
X-ray diffraction, particle size analysis and portable X-ray fluorescence. Xiao Fu produced a series of
OSL dates for the sediments at Con Moong Cave and the information related to OSL dating
procedures and results in this article is the work of Xiao Fu and Richard Roberts (Sections 4.5.2;
4.6.1; Appendix 1 Sections 8.1–4; Tables 8.1–5; Figs 8.1–3). Conor McAdams incorporated the results
of OSL dating with microstratigraphic, sedimentological and geochemical analyses to produce the
understanding of site-formation processes and human-environment interactions that forms the basis
of this article, including statistical analyses that used the OSL dates to produce an age-depth model
for the site stratigraphy. Conor McAdams was the author of all sections of this paper, other than
those related to dating as mentioned above. Manuscript drafts were substantially revised in
preparation for publication, in response to detailed feedback from Mike Morley and Richard Roberts.
The manuscript was circulated to all other authors before publication and they provided lesssubstantial comments and feedback. I am grateful to the two anonymous reviewers, along with Sarah
Sherwood and Andy Herries (editor and associate editor of Geoarchaeology, respectively) who
provided useful comments during the peer review process.
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4.2 Abstract
This paper presents the results of geoarchaeological and geochronological investigations at Con
Moong Cave, North Vietnam. Beneath the published, terminal Pleistocene sequence, recent
excavations have uncovered a ~5 m stratigraphic sequence containing flaked stone artefacts and
sedimentary features that indicate extensive post-depositional change. As the effects of tropical
conditions on Pleistocene cave sediments are poorly resolved, a range of complementary techniques
was selected to reconstruct the nature of on-site sedimentation and occupation, while assessing the
taphonomy of archaeological and palaeoecological materials. Our approach incorporates
microstratigraphic, geochemical and sedimentological analyses, using optically stimulated
luminescence (OSL) dating to estimate the time of sediment deposition in the cave. This case study
has broad application to tropical zones worldwide.
Sedimentation began in early Marine Isotope Stage (MIS) 4, while micromorphologically-observed
human occupation commenced before 42 thousand years ago (ka). By placing our results within the
context of published, high-resolution regional records of climate, we demonstrate that on-site
rhythms of Pleistocene occupation correlated with environmental changes in the region. During MIS
3, episodic abandonment of the site coincided with periods of drier conditions, while rapid climate
fluctuations in MIS 2 corresponded with short-lived occupation events and a switch to predominantly
geogenic deposition in the cave.

Keywords: Micromorphology; Guano; Southeast Asia; Sediment diagenesis; Geochemistry

4.3 Introduction
The late Pleistocene (~130–14 ka; Lisiecki and Raymo, 2005) prehistory of mainland Southeast Asia
(MSEA) remains poorly resolved due to a paucity of dated fossil and archaeological records (Marwick,
2009; Dennell and Porr, 2014; Morley, 2017; Rabett, 2018). Hominin fossils in MSEA are restricted to
heavily worn teeth or bone fragments, predominantly found in cave breccias or other sediments with
uncertain depositional histories or equivocal chronologies. Recent fossil discoveries have pushed
back the projected arrival of anatomically modern humans (AMH) in the region into Marine Isotope
Stage (MIS) 4, 57 thousand years ago (ka) or earlier (Demeter et al., 2017; Westaway et al., 2017;
Rabett, 2018; Shackelford et al., 2018), while morphological and genetic studies of fossil and modern
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populations hint at a complex history of interactions between diverse hominin species, including
successive waves of modern humans (Liu et al., 2015; Bae et al., 2017; Corny et al., 2017; Sikora,
2017; Lipson et al., 2018; McColl et al., 2018).
Archaeological evidence related to the environmental context and the settlement and subsistence
practices of the pioneering communities of modern humans remains scant. While Pleistocene lithic
assemblages are relatively common in Southeast Asia, they are frequently from unstratified contexts
or associated with tenuous stratigraphic relationships (Brumm and Moore, 2012). Upper Pleistocene
flaked tool assemblages in the region show remarkably limited variation across a vast geographic and
temporal expanse (Marwick, 2018), but a shift in manufacturing practice from small flakes to
unifacially flaked cobbles, the so-called “Hoabinhian phenomenon,” is evident in MSEA (Van Tan,
1997). In North Vietnam, such assemblages are often associated with shell middens in cave sites
such as Con Moong Cave (Thong, 1980; Su, 2009) and Hang Boi (Rabett et al., 2011; Moser, 2012),
dating to the terminal Pleistocene and later. However, new discoveries across MSEA have blurred the
temporal and geographical boundaries of this technological change, rendering the “Hoabinhian” a
nebulous archaeological concept, with no demonstrated environmental or economic driver (Ji et al.,
2016; Marwick, 2018). As research across Southeast Asia suggests communities employed complex,
forest-based procurement strategies from ~40 ka and earlier (Barker et al., 2007; Hunt et al., 2012;
Hunt and Barker, 2014; O’Connor and Bulbeck, 2014; Piper and Rabett, 2014; Roberts et al., 2015a;
Bae et al., 2017; Rabett, 2018; Wedage et al., 2019), the vectors and chronology of hominin dispersal
and adaptation within MSEA persist as enigmas.
Elevated temperatures and high, seasonal precipitation impact on archaeological records in tropical
regions worldwide through accelerated weathering and erosion or diagenetic alteration of
archaeological material (Anderson, 1997; Barker et al., 2005; Wurster and Bird, 2016; Morley, 2017;
Morley and Goldberg, 2017; O’Connor et al., 2017a). Caves mitigate weathering processes and as
such, they are the major archaeological resource in tropical zones. Nevertheless, geoarchaeological
research has demonstrated that caves are taphonomically complex spaces, due to the interaction of
diverse depositional and post-depositional agencies within a confined space (Weiner et al., 1993;
Karkanas et al., 2000; Stiner et al., 2001; Goldberg and Bar-Yosef, 2002; Goldberg and Sherwood,
2006; Mallol and Goldberg, 2017; Morley and Goldberg, 2017; Morley et al., 2017). The small body

107

Figure 4.1: (a) Inset map showing Vietnam in Southeast Asia. Extent of (b) marked by black rectangle; (b) Map showing the
topography of North Vietnam with the position of Xiaobailong cave, southern China (Cai et al., 2015) marked by blue star.
Extent of (c) demarcated by black rectangle; (c) Map showing the position of Con Moong Cave within Cúc Phương National
Park, a nature reserve protecting densely forested limestone uplands to the south of the Hanoi basin.
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of geoarchaeological research targeting caves in Southeast Asia suggests that tropical conditions may
have a profound effect upon archaeological site formation processes (Barker et al., 2007; Lewis,
2007; Bacon et al., 2008; Gillieson, 1986; Mijares et al., 2010; Morley, 2017; Rabett et al., 2017;
Stephens et al., 2017; cf. Shahack-Gross, 2017). Recent investigations and regional reviews
demonstrate the potential of microstratigraphic assessment to refine interpretations of
environmental context, chronology and hominin behaviour (Kourampas et al., 2009; Hunt and Barker,
2014; Sutikna et al., 2016; Clarkson et al., 2017; Mallol and Mentzer, 2017; Morley, 2017; Morley et
al., 2017), but site-scale to micro-scale geoarchaeological methodologies are not yet routinely
employed in MSEA or other tropical regions. As these sites have the potential to address
archaeological questions of global significance (Barker et al., 2007; Pääbo, 2015; Reyes-Centeno,
2016; Rabett, 2018), the development of a geoarchaeological framework of interpretation tailored to
the taphonomic, stratigraphic and diagenetic factors active under humid tropical conditions is critical
(Morley and Goldberg, 2017).
Con Moong Cave (Thong, 1980; Su, 2009; Higham, 2014), henceforth CMC, is located in Cúc-phương
National Park, Thanh Hóa province, North Vietnam (Fig. 4.1a–c). It is a key site for understanding the
terminal Pleistocene and Holocene archaeology of MSEA and also provides the opportunity to
understand of the effects of tropical conditions upon Pleistocene cave sediments more generally.
Here we present the results of a multi-parameter, geoarchaeological and geochronological study of
the Pleistocene sediments excavated at CMC. We investigate the site’s depositional and postdepositional history, generating age determinations on the sediments using radiocarbon and singlegrain optically stimulated luminescence (OSL) dating. By combining field observations, sediment
micromorphology (microstratigraphy) and a range of sedimentological, geochemical and
mineralogical characterisations, we systematically explore the processes of archaeological site
formation, preservation and degradation in this humid tropical environment. We contextualise the
reconstructed depositional history through reference to published regional palaeoecological
reconstructions and assess the relationship between sedimentation and geomorphic change,
regional shifts in Pleistocene climate and human occupation of CMC.

4.4 Con Moong Cave: climatic, geomorphological and archaeological context
MSEA is situated at the interface between two Asian monsoon subsystems: the Indian Ocean
monsoon and the East Asian monsoon (Wang, 2002; Wang et al., 2005; Chabangborn et al., 2018).
Interactions between these monsoon subsystems are complex. The prevailing Westerlies related to
the Indian Ocean monsoon transfer moisture from the Bay of Bengal to the Indochinese landmass
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during summer (Amory-Mazaudier et al., 2006; Nguyen-Le et al., 2014), while the subtropical high
brings moisture laden-air westwards and inland from the South China Sea. Heavy rain events are
associated with cyclones, which frequently form in the South China Sea and move inland from July to
August (Hien et al., 2002; Sterling et al., 2006: 160; Chabangborn et al., 2018).
Isotopic records from speleothems at Xiaobailong Cave and other sites in southern China suggest
that changes in Pleistocene Indian Ocean monsoon intensity correlate with millennial-scale northern
hemisphere climate fluctuations, including stadials and Heinrich events, as recognised in northern
hemisphere ice cores (Cai et al., 2006; 2015). Speleothem records from further east in China suggest
southern hemisphere climate change was an important, additional control on Pleistocene East Asian
monsoon intensity, particularly during glacial periods (Rohling et al., 2009). While Chinese
speleothems provide high-resolution proxy records of precipitation for the wider region, the
resulting effects on landscape- to site-scale palaeoenvironments remain poorly resolved, due to the
limited preservation of traditional palaeoecological proxies and the complex environmental mosaics
that characterise MSEA (Wurster and Bird, 2016). While MIS 3 and MIS 4 were characterised by
relatively open environments across much of Sundaland (Wurster and Bird, 2016; Hunt et al., 2012),
faunal evidence from Laos and Vietnam suggests forest species persisted there under humid
conditions (Bacon et al., 2018; Milano et al. 2018), with arid conditions leading to an expansion of
open environments during MIS 2 at Tam Pa Ling, Laos. Marwick and Gagan (2011) characterise MIS 3
at Tham Lod rockshelter, Thailand, as a period of wetter and more unstable conditions than MIS 2,
while Hunt et al. (2012) inferred more open environments during MIS 2 at Niah Cave in Borneo and
Wurster et al. (2010) reported a spatially-varied pattern of climate-driven forest contraction across
Pleistocene Sundaland. Rabett et al. (2017) and Mai Huong and Van Hai (2009) note the persistence
of limestone forest in North Vietnam during MIS 2 and the terminal Pleistocene, respectively. Rabett
et al. (2017) demonstrate that local karst uplands formed tropical forest refugia in MSEA during
glacial periods, however, Viet (2008) suggests that during MIS 2, forest composition in North Vietnam
was substantially different due to the expansion of taxa currently restricted to montane
environments, such as Juglans.
North Vietnam is positioned on the boundary of the colliding South China and Indochina Plates
(Hutchison, 2005) and at the interface between tropical and subtropical climatic zones (Kottek et al.,
2006) and the South China, Indochina and Coastal Indochina biogeographic units (Nam, 1995;
Sterling et al., 2006: 157; Hall, 2009). The Hanoi basin is the dominant feature in the North Vietnam
plain (Gupta, 2005a), a coastal lowland surrounded by extensive and varied karst formations that
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have been subject to folding, faulting and neotectonic movement throughout the area’s complex
history of rifting and collision (Khang, 1985; Nam, 1995; Gillieson, 2005; Sterling et al., 2006: 170).
Folded and faulted Triassic limestones dominate the carbonate formations of North Vietnam, with
thick limestone strata (including the Dong Giao and Muong Trai formations) stretching from the
northwest border of Vietnam, along the southern extent of the Hanoi basin, where they border the
upper extent of the Annamite Cordillera in the region of Huong Tich (Khang, 1985). These rocks
display marked karstification due to the humid tropical and subtropical climates, dense vegetation
and thick soil cover (Khang, 1985; Gillieson, 2005).
Vietnam’s narrow coastal plain has been highlighted as a plausible north/south route of Pleistocene
hominin dispersal (Demeter et al., 2003). Despite the regions’ dense networks of caves and rich
archaeological record, however, the sparsity of dated sites means any existing models remain
somewhat speculative (Marwick, 2009; Morley, 2017). Bordering this zone, the rugged karst terrain
of Cúc-phương National Park has created a patchwork of climatically-diverse microenvironments that
supports exceptional biodiversity with a range of intersecting floral and faunal communities,
characteristic of humid tropical forest, dry tropical grasslands and temperate forest (Rugendyke and
Son, 2005; Trong Quang Bich et al., 2009). The dominant soil types in this region are ultisols, ferric
acrisols, and lithosols on steep slopes (Moormann, 1961; Sehgal, 1989; Olson and Morton, 2017),
which are reflective of the udic moisture regimes driven by prevailing humid tropical and subtropical
conditions (U.S. Department of Agriculture, 1997: O'Geen, 2012).
CMC is a karstic cave formed in a low hill, 147 m above sea level and part of the Dong Giao formation
(Fig. 4.1c; Mai Huong and Van Hai, 2009; Lam and Su, 2014). The cave has two entrances (Fig. 4.2b):
the west-facing entrance overlooks the broad valley of the Đà River, a tributary of the Red River (Su,
2009), while the southeast-facing entrance, situated higher and towards the south is associated with
a large talus slope. The remains of a phreatic tube form the uppermost extent of CMC, and steep
walls with scalloping indicate a subsequent episode of vadose conditions (Fig. 4.2a). Further
palaeohydrological and geomorphic changes are indicated by relict speleothems, some of which
preserve fragmentary shell-rich breccia, elevated above the current cave floor.
Excavations during the 1970s were carried out by the Vietnamese Institute of Archaeology on a slope
towards the western entrance (Fig. 4.2b; Van Tan, 1997). These revealed a series of shell middens,
occupation deposits and burials associated with a late Pleistocene, “Son Vian” flaked tool
assemblage, a terminal Pleistocene to Holocene “Hoabinhian” assemblage and a Holocene “Bac
Sonian” early-farmer assemblage, respectively (Thong, 1980; Mai Huong and Van Hai, 2009; Su,
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Figure 4.2: (a) Photograph of the west-facing entrance of Con Moong Cave, highlighting features related to passage
development. Red dashed line marks remains of phreatic section, yellow dashed line marks steep-sided passage resulting
from vadose downcutting. The 2008–2014 excavation trench is visible in the foreground. Photograph taken by Mike Morley;
(b) Plan of Con Moong Cave showing position of excavated trenches from investigations in the 1970s and 2008–2014.
Position of (c) is marked by red line, and position of section drawing (Fig. 4.5) is marked by blue line. Digitised by Mike
Morley and Conor McAdams.; (c) Profile of excavated trenches as marked by red line in (b). Skull and crossbones symbol
marks position of prehistoric human remains excavated during the 1970s and placed in a shrine. Digitised by Mike Morley
and Conor McAdams.
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2009). The 2008–2014 trench sits southeast and downslope of the 1970s trenches. Here, excavations
undertaken by researchers from the Russian Academy of Sciences and the Vietnamese Institute of
Archaeology have revealed a series of underlying Pleistocene deposits associated with lithics,
combustion residues and a suite of sedimentary features that indicate significant physical and
chemical post-depositional alteration of the sediments (Fig. 4.3a,b; Derevianko et al. 2012a; 2012b;
2014)

4.5 Methods
This paper presents the results of geoarchaeological and geochronological analyses, applied to the
sediments uncovered during the 2008–2014 excavations at CMC (Figs 4.2b, 4.3a,b, 4.4a,b, 4.5). Field
descriptions were recorded during excavation and sampling, then combined with
micromorphological analyses targeting major stratigraphic changes. Sedimentological analyses were
carried out on bulk samples (n = 57), which provide numerical data related to texture, geochemistry
and mineralogy, allowing the micromorphological observations to be related to the rest of the
sequence.
4.5.1

Field observations

Lithostratigraphic Units (LSUs) were defined based on characteristics observed in the southeastfacing section of the 2008–2014 excavations during fieldwork (Figs 4.2b, 4.3a). These include colour,
texture and sedimentary features. LSUs form the basis of site interpretation and relative chronology.
All other analyses were targeted to correlate with and further resolve field observations of
stratigraphic change.
4.5.2

Dating

The chronology of deposition at CMC is constrained by five radiocarbon ages and 14 OSL ages. OSL
dating of individual grains was performed on all samples using a Risø DA-20 TL/OSL reader, and the
equivalent dose (De) of each grain was estimated using a single-aliquot regenerative-dose procedure
(Galbraith et al., 1999; Murray and Wintle, 2000). The resulting De values of all samples are
distributed around a central value, without no obvious clusters or other patterns in the data
indicative of insufficient exposure to sunlight prior to sediment deposition or discrete dose
components suggestive of post-depositional disturbance (Jacobs and Roberts, 2007; Roberts et al.,
2015b). Accordingly, the weighted mean De of each sample was calculated using the central age
model (Galbraith et al., 1999; Galbraith and Roberts, 2012). For all samples, beta dose rates were
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Figure 4.3: (a) Photograph of the north-facing section of the trench excavated during the 2008–2014 investigations at Con
Moong Cave. Dashed green line shows approximate position of the sloping unconformity between extensively bioturbated
lithostratigraphic unit (LSU) F and the overlying sediments. Photograph taken by Mike Morley; (b) Photograph, taken facing
west, of the sediments exposed during the 2008–2014 investigations. Convolute interfaces and flame and load structures
are visible in LSUs B and C, suggestive of deformation of liquefied sediment. Photograph taken by Mike Morley.
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measured using a Risø GM-25-5 beta counter (and by inductively-coupled plasma mass
spectrometry/optical emission spectroscopy for eleven of the samples) and gamma dose rates were
measured in the field using an ORTEC digiDART gamma spectrometer. A more detailed summary of
the results of OSL dating is provided in Appendix 1. For additional chronological control, two charcoal
samples and three freshwater gastropod shell samples were collected from the upper section of the
CMC profile for radiocarbon dating (see Appendix 1 for details).
4.5.3

Micromorphological (microstratigraphic) analysis

Six blocks of undisturbed sediment were collected from CMC, targeting key stratigraphic transitions
observed in the exposed profile (Figs 4.4a,b, 4.5). Blocks were dried before impregnation with
polyester resin under vacuum (Macphail and Cruise, 2001). The cured blocks were cut into fifteen 10
mm-thick wafers. Spectrum Petrographics (Vancouver, WA) produced fifteen thin sections (50 mm x
75 mm), ground to standard geological thin-section thickness (~30 μm) and left without coverslips to
facilitate future targeted analyses (e.g., Mentzer and Quade, 2013; Morley et al., 2017). Thin-sections
were scanned in a flatbed scanner (after Arpin et al., 2002) and analysed using polarising
microscopes at a range of magnifications (8 × to 200 ×). Descriptions of micromorphological features
follow Stoops (2003).
4.5.4

Bulk sediment analyses

Bulk samples were taken at 10 cm depth intervals from two sediment columns, which were selected
to characterise the entire sequence (Fig. 4.5). Samples were heated to 120°C for 2 hr (to comply with
biosecurity regulations) before analyses were carried out. Particle-size analysis was carried out on a
subsample of each bulk sediment sample, with the <2 mm fraction measured for the particle-size
distribution. Analysis was carried out using a Malvern Mastersizer 2000, with the ultrasonic probe
used throughout measurement and water as a dispersant. Some of the remaining raw sample was
homogenised in a TEMA rock crusher. While sedimentological and geochemical analyses are often
performed on the <2 mm fraction, the extent of diagenetic changes visibly affecting the coarser
inclusions suggested that chemical alteration was not restricted to the fine fraction.
Portable X-Ray fluorescence (pXRF) measurements of multi-element concentrations were taken from
each sample, within a polyethelene sample bag, using a hand-held Thermo Niton XL3T analyser.
Results are reported in ppm (μg/g) following internal machine calibration. As no matrix-matched
standards were available at the time of publication only qualitative analyses and observations are
reported here. X-ray diffraction (XRD) analyses were carried out on the homogenised sediment
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Figure 4.4: (a) Photograph of the lower section of the trench profile showing LSUs A–C, taken during the 2014 excavations.
Positions of undisturbed blocks MM1–3 are delimited by the labelled red rectangles. Photograph taken by Mike Morley; (b)
Photograph of upper section during 2014 excavations at CMC, showing LSUs G–T. Positions of undisturbed blocks MM4–6
are delimited by the labelled red rectangles. Position of sediment “Column 1” is shown in blue. Photograph taken by Mike
Morley.
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reported here. X-ray diffraction (XRD) analyses were carried out on the homogenised sediment
samples from the two columns, stratigraphically equivalent to the positions of manufactured thin
sections, and from lithostratigraphic units E and F, which were not targeted for micromorphological
analysis. The mineralogy of these samples was assessed using μPDSM (Micron Powder Diffraction
Search Match), by comparing the sample diffractograms to a reference library of mineral phases.
Loss on ignition (LOI) analysis was carried out to determine two values, the percentage LOI for the
organic fraction (%LOI organic) and the percentage LOI at 1000° C (%LOI 1000° C). %LOI organic was
determined by heating dried and pre-weighed samples to 425° C for 8 hr and measuring the
associated weight loss (Davies, 1974). %LOI 1000° C was determined by subsequently heating these
samples to 1000° C for 8 hr and measuring the associated weight loss. %LOI 1000° C is a useful
indicator of carbonate content, although it is likely to include some weight loss related to
dehydration of clays and other minerals (Heiri et al., 2001).
Statistical analyses and graphical representation of results were carried out using R and RStudio (R
Core Team, 2013)

4.6 Results
A summary of the results is presented below and in Tables 4.1–3. Details of dating and thin-section
micromorphology are presented in Appendix 1, while raw data from the sedimentological and
geochemical investigations is presented in the Electronic Appendix.
4.6.1

Dating

Sediment ages range from ~74 ka to ~19 ka (the lower parts of LSUs B and T, respectively; Fig. 4.5).
Table 4.1 summarises the ages of all samples and detailed results are presented in Appendix 1
(Sections 8.1–8.4; Figs 8.1–8.3; Tables 8.1–8.5). The OSL ages are consistent with stratigraphic order,
three samples from LSU F (CMC14-12, CMC18-1, CMC18-2) returned younger ages than that of
CMC14-11 from the overlying LSU G although the age differences are not significant at 2σ. The
radiocarbon ages are also mostly stratigraphically consistent; an exception is the sample V14-4 from
the lower part of LSU P, which returned an age younger than those of two overlying samples, V14-3
from stratigraphically higher in LSU P and V14-2 from LSU R. The OSL age for sample CMC14-3 from
LSU S is a few millennia older than radiocarbon ages for the underlying sediments, but all of the age
estimates for LSUs O–T fall within MIS 2.
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Figure 4.5 (next page): Section drawing of the north-facing profile exposed during the 2008–2014 investigations (Fig. 4.2)
showing the positions of observed lithostratigraphic units (LSUs), the positions of excavated micromorphological samples,
the positions of sediment column samples and the positions and age estimates of OSL and radiocarbon samples. OSL ages
are expressed at 1σ and calibrated 14C ages at the 95.4% confidence interval. LSU F demarcates a zone of intensive,
macroscopically visible bioturbation (Fig. 4.3). Digitised by Mike Morley and Conor McAdams.

118

119

LSU

Field Description

Dates

Micromorphological features

V

Ashy grey/black silt with frequent mollusc shells.

NA

NA

U

Ashy grey/black silt and sand.

NA

NA

T

Banded black, grey and grey-brown silts, reddish lens at
lower interface.

V14-1: 19,360–18,980 cal BP

NA

(2σ SE; 14C gastropod shell)

S

Layered orange/buff-brown and grey-brown silt.

CMC14-3: 26 ± 1.3 ka

Spongey fabrics, weakly stipple specked to undifferentiated, decalcified groundmass.
Superimposed ashy coatings and calcite hypocoatings around vughs, grading upwards.
Carbonates in groundmass grade upwards. Coarse, sub-rounded carbonate sand displaying
weakly expressed reaction rims.

(1σ SE; OSL)

R

Layered ashy grey-brown/black silt/ sand. Frequent
fragmentary mollusc shells.

V14-2: 21,050–20,610 cal BP

Well preserved ashes within carbonate rich matrix, charcoal shows extensive rounding and
humification. Extensive bioturbation and microbial biological degradation of bone inclusions.

(2σ SE; 14C charcoal)

Q

Buff-brown silt/sand, poorly sorted. Frequent subangular carbonate gravel, occasional fragmentary
mollusc shell.

CMC14-4: 24.7 ± 1.6 ka (1σ SE; OSL)

Coarse, subangular carbonate sand and gravel and quartz sand within brown silt matrix.
Welded carbonate b-fabric. Infrequent bone and shell fragments.

P

Grey-brown silt.

V14-3: 22,320–21,880 cal BP (2σ SE; 14C
gastropod shell)

NA

V14-4: 20,500–20,100 cal BP (2σ SE; 14C
gastropod shell)
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O

Grey-brown/buff-brown silt/sand, occasional
fragmentary mollusc shells.

V14-5: 22,030–21,550 (2σ SE; 14C
charcoal)

Poorly sorted carbonate silt, subangular carbonate and quartz sand containing frequent shell
fragments and soil aggregates with occasional charcoal fragments.

N

Irregular grey silt layer.

M

Horizontally bedded pink silt layer, separated from LSU
L by black/brown lens.

CMC14-6: 30.8 ± 1.7 ka (1σ SE; OSL)

Extensively bioturbated pinkish silts with undifferentiated b-fabric and isotropic phosphate
crust at lower boundary with carbonate rich LSU L. Oxidised, iron-replaced organic matter
visible throughout.

L

Ashy, grey layer with horizontally banded lenses of
black/brown silt.

CMC14-8: 36 ± 1.9 ka (1σ SE; OSL)

Spongey fabric throughout. Burned soil aggregates form minor inclusions as do sand-sized
charcoal fragments. Microcharcoal distributed throughout groundmass. Restricted fabric
unit preserves horizontally-oriented ashy laminations.

K

Horizontally banded pink, grey-brown and black silts.

CMC14-9: 42 ± 2.6 ka (1σ SE; OSL)

NA

J

Horizontally bedded grey-brown and buff-brown silts.

NA

NA

H

Horizontally bedded orange, grey-brown and buffbrown silts.

G

Red silt, apparently forms sloping interface with
underlying LFU F, however extensive bioturbation
obscures stratigraphic relationship.

CMC14-11: 51.3 ± 5.2 ka (1σ SE; OSL)

Reddish-brown silt aggregates. Undifferentiated b-fabric with extensively altered sand-sized
bone fragments. Fragmentary laminar clay crusts. Soil aggregates and Fe/Mn nodules
throughout.

F

Reddish silt, evidence of extensive vertical burrowing
which obscures relationship to other layers. Dense
accumulation of white nodules throughout.

CMC14-12: 42.2 ± 3.3 ka (1σ SE; OSL)

NA

Lens of extensively bioturbated welded, ashy micritic calcite.

Ashy sediments displaying extensive bioturbation and recrystallisation. The lower extent of
the sediment displays undifferentiated b-fabric and frequent Fe/Mn nodules. Bone and shell
display diagenetic alterations.

CMC18-1: 40.3 ± 3.3 ka (1σ SE; OSL)
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CMC18-2: 45.4 ± 3.7 ka (1σ SE; OSL)

E

Buff-brown/reddish silt/clay with dense concentrations
of white/grey nodules ~10mm diameter.

NA

NA

D

Grey silt. Extensive load structures and convolute
bedding, grey/white nodules throughout. Lower
boundary marked by sloping lens of dark material.

CMC14-15: 55.8 ± 4.8 ka (1σ SE; OSL)

Lowermost extent of D is visible, consisting of upwards-fining events sorting material from
pellety greyish microaggregates to isotropic clays.

C

Grey silt. Extensive load structures and convolute
bedding, grey/white nodules throughout .

CMC14-16: 64.7 ± 5.5 ka (1σ SE; OSL)

Erosive contacts, horizontally-banded, amorphous clay concentrations, extensive
bioturbation. Isotropic groundmass with extensive taranakite nodule formation throughout,
along with evidence of mass wasting and colluviation. Clay coatings and hypocoatings are
imposed and clay lined passage features are present. Laminar fabrics make up a minor
groundmass component.

B

Heterogeneous deposit of red/brown silt and clay.
Evidence of deformation in the form of flame/load
structures. Concave features of layered black and grey
nodular silt lenses grade towards the upper boundary,
forming a diffuse interface with overlying layer.

CMC14-18: 63.0 ± 7.3 (1σ SE; OSL)

Extensive bioturbation and spatially varied mineral authigenesis. Undifferentiated b-fabric.
Features include gypsum nodules, clay weathering and taranakite formation. Discrete areas
of laminar fabric.

Diamict containing buff-coloured, gravel sized clasts in
dark brown/black silt/clay matrix.

NA

A

CMC14–19: 63.8 ± 7.8 (1σ SE; OSL)
CMC14-20: 73.9 ± 9.9 (1σ SE; OSL)

Extensive bioturbation and phosphatic diagenesis. Gravels show extensive and varied
alterations.

Table 4.1: Summary results of field observations, OSL dating and microstratigraphic analysis
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Stratigraphic Unit

Visible in
Thin Sections

Dominant Minerals

A

MM3A,
MM3B

Quartz,
leucophosphite,
vivianite,
variscite,
gypsum.

B (lower)

MM3B,

Quartz,

MM3C

tinsleyite,
vivianite,
variscite,
gypsum.

B (upper)

MM2A,
MM2B,
MM2C

Quartz,
tinsleyite,
vivianite,
variscite.

C (Lower)

MM2C

Quartz,
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taranakite/ francoannelite ,
variscite.

C (upper)

MM1A,
MM1B,
MM1C

Quartz
biotite,
taranakite/ francoannelite , variscite,
vivianite.

D

As above

Quartz,
biotite,
variscite,
vivianite,
taranakite/ francoannelite.

E

NA

Quartz,
potassium aluminium phosphate,
francoannelite.

F

NA

Quartz,
gypsum,
bassanite
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G

MM6A

Whitlockite,
apatite (mixed), quartz,
clays.

H

MM6A,
MM6B

Calcite,
aragonite
layer silicates.

M

MM5A

Quartz,
apatites,
calcite.

N

MM5A,
MM5B

Quartz,
calcite,
aragonite,
crandallite.

O

MM5B

Quartz,
calcite,
aragonite,

125

apatites.

Q

MM4A

Quartz,
calcite,
apatites.

S

MM4B

Quartz,
apatites,
calcite.

Table 4.2 (above): Minerals identified through X-Ray Diffraction, by Lithostratigraphic Unit (LSU).
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Variable

PC1

PC2

PC3

cumulative proportion of variance explained (%)

0.46

0.64

0.77

Cu

0.26

0.08

0.56

Zn

0.03

0.40

-0.59

Si

0.33

0.09

-0.23

P

0.40

0.02

-0.25

K

0.39

-0.21

-0.28

Ca

-0.43

0.08

0.01

Mn

-0.12

0.65

-0.06

Fe

0.36

0.30

0.27

Sr

-0.22

0.41

0.11
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Mo

0.37

0.29

0.23

Table 4.3: Rotations of the first 3 principal components with cumulative proportion of variance explained. Significant scores are presented in bold.
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4.6.2

Field observations and micromorphology (microstratigraphy)

The 2008–2014 excavations at CMC revealed a sequence of Pleistocene deposits that extend a
further ~5m below the previously published sequence. On field observation alone, these deposits
were divided into two main aggradational phases, separated by a sloping contact (Figs 4.3a,b, 4.5;
Table 4.1). The lowest phase consists of an undated basal diamict, LSU A, overlain by a ~2.5 m-thick
suite of silts and clays, LSUs B–F (Figs 4.3a,b, 4.4a), with OSL ages ranging from 73.9 ± 9.9 to 40.3 ±
3.3 ka (uncertainties at 1σ). Macroscopic features in LSUs B, C and D include dense concentrations of
nodules, faunal voids and flame/load structures (Fig. 4.3b), which indicate the sediments have been
subject to extensive physical deformation and diagenetic change under very wet conditions. In LSU F,
faunal burrowing is so extensive that its stratigraphic relationships to other units, particularly LSU G,
have been obscured and the associated age estimates must be treated with some caution (Fig. 4.3a,
4.5; Table 4.1). We interpreted the sloping, upper surface of this LSU F as a stratigraphic
unconformity, noting that the varied sedimentary records in caves are frequently subject to
depositional hiatuses, truncation, and other forms of reworking (Hunt et al., 2015; Sutikna et al.,
2016; Mallol and Goldberg, 2017; Morley et al, 2017; O’Connor et al., 2017a).
Overlying this lower aggradational phase, a sequence of horizontally bedded deposits (LSUs G–V)
contains varied features, including bone, shell and combustion residues (Figs 4.3a,b, 4.4b), indicative
of sedimentation in a drier cave-floor environment and of potential hominin activity. These
sediments are generally coarser than the underlying layers, returning OSL ages that span the period
from 51.3 ± 5.2 ka to 26.0 ± 1.3 ka and radiocarbon ages from LSUs O–T of ~22-19 ka (Table 4.1).
While indicators of post-depositional alteration are less pronounced in this upper aggradational
phase, pink and yellow colouration of the cave sediments, as visible in LSUs M and K (Fig. 4.4b), is
suggestive of guano content (Shahack-Gross et al., 2004; Bird et al., 2007). For detailed
micromorphological results, see Appendix 1 (Table 8.6).
Sample MM3: LSU A and LSU B boundary
The location of sediment block MM3 was chosen to resolve the interface between LSU A, a basal
diamict containing gravel-sized clasts, and overlying LSU B, a reddish-brown silt/clay (Figs 4.4a, 4.6a–
c). The micromorphology shows that LSU A has a poorly sorted spongey matrix, including
phosphatised rock fragments, soil aggregates and biomineral pseudomorphs (Fig. 4.6d–g). LSU B
lower consists of spongey, oxide-stained, isotropic silt and dusty clays, with phosphatised
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Figure 4.6: (a) Flatbed scan of MM3A, with passage features demarcated by green dashed lines; (b) Flatbed scan of MM3B,
with red line indicating approximate position of boundary between LSUs A and B; (c) Flatbed scan of MM3C showing
concentrations of gypsum crystals (white arrows); (d) Photomicrograph showing concentrically banded authigenic minerals
replacing carbonate gravel (LSU A, MM3B, PPL); (e) Altered bone fragment showing bacterial degradation of internal
structure (red arrows) and a clay and quartz pendent (white arrow) (LSU A, MM3A, PPL); (f) Photomicrograph showing
arrangement of phosphate minerals forming banded nodules (red arrows) and spherulites (white arrows) in diagenetically
altered rock fragment (LSU A, MM3A, PPL); (g) Photomicrograph of metamorphic rock fragment with phosphatic reaction
rim (white arrow) (LSU A, MM3B, PPL); (h) Rock fragment with pellicular clay hypocoating (white arrow) (LSU A, MM3B,
XPL); (i) Gypsic void infill, lenticular crystals (LSU B, MM3C, XPL); (j) Lenticular gypsum crystals forming partial passage
feature infill (red arrow) (LSU B, MM3C, PPL); (k) Fractured clay aggregate within groundmass (white arrow) (LSU B, MM3C,
XPL). PPL, plane-polarised light; XPL, cross-polarised light.
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gravels concentrated towards the lower boundary (Fig. 4.6b,c). Laminations are visible in a restricted
fabric unit (<5% of groundmass) in MM3C upper (Fig. 4.6c), and concentrations of lenticular gypsum
crystals are present, infilling rounded voids and partially infilling passage features (Fig. 4.6i,j).
Cracked, rounded clay-rich aggregates are recorded throughout the groundmass (Fig. 4.6k).
MM2: LSU B and LSU C interface
MM2 is taken from the diffuse interface between LSU B upper, a red/brown deposit containing
interbedded lenses of grey/black silt/clay, and LSU C, which is dominated by grey silt (Figs 4.4a, 4.7a–
c). Thin-section MM2A contains a lower fabric unit that is similar to LSU B lower, as visible in
MM3B/MM3C (above). The overlying fabric unit consists of rounded, greyish nodules (<2 mm in
diameter) within a spongey groundmass of red/brown to grey/brown silts (Fig. 4.7a,d,e), with clays
restricted to rounded, sand-sized nodules (Fig. 4.7e,g,h). Above this fabric unit the spongey
groundmass is dominated by red/brown, isotropic silt and dusty clays.
A diffuse interface between LSU B and LSU C is observed in MM2C (Fig. 4.7c), where within a
spongey groundmass of red/brown and grey/brown isotropic silts, concentrations of grey silt grade
upwards (from 30% to 80% of groundmass). Passage features, greyish nodules and redoximorphic
features are common (Fig. 4.7h–k).
MM1: LSU C and LSU D interface
Sample MM1 was extracted to resolve the irregular interface between LSU C and LSU D, associated
with a dark lens (Figs 4.4a, 4.5). LSU C upper, visible in thin-sections MM1A and MM1B (Fig. 4.8a,b),
exhibits a spongey groundmass of grey/buff silt with organic punctuations and grey, sand-sized
nodules throughout. Clays form amorphous, horizontally-banded concentrations (Fig. 4.8b), rounded
sand-sized nodules (<2%) and multi-phase, phosphatised nodules (Fig. 4.8h,i). Zones of laminar
fabric (<10% of groundmass) and erosive contacts are associated with clays and phosphatic nodule
concentrations (Fig. 4.8a,d–f). Void coatings/infills include crystalline and isotropic minerals, and
occasional limpid clay coatings/hypocoatings (Fig. 4.8g). Clay and opaline root pseudomorphs are
present (Fig. 4.8k), as are infrequent siliceous plant microfossils and soil diatoms. The
macroscopically-visible, sloping lens at the boundary of LSU C and LSU D is visible as a series of
upward-fining microlaminations in MM1C upper (Fig. 4.8j).
MM6: LSUs G and H
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LSUs G and H are associated with the stratigraphic unconformity that separates the lower, silt- and
clay-rich sediments from the coarser, carbonate-rich overlying sediments (Figs 4.2b, 4.3a, 4.5). LSU
G, visible in thin-section MM6A (Fig. 4.9a), consists of isotropic, reddish-grey/brown silt in a doublespaced, fine enaulic to gefuric fabric. The groundmass grades red towards the bottom of the slide,
with increasing concentrations of soil aggregates, fragmentary clay crusts and Fe/Mn
coatings/nodules (Fig. 4.9a). Altered sand-sized bone fragments are distributed throughout the
groundmass (<2%; Fig. 4.9c, d), while altered sand-sized shell fragments are infrequent.
In MM6B, LSU H (Fig. 4.9b) displays distinct upper and lower fabric units (Fig. 4.9e,f). They appear
similar in plane-polarised light (PPL), with grey/brown silt aggregates in a spongey fabric of ashy grey
silt. In cross-polarised light (XPL) the difference in b-fabric is pronounced, forming a sharp boundary
between the lower section (isotropic matrix, stipple-specked b-fabric and concentrations of Fe/Mn
nodules; Fig. 4.9g) and the upper section (increasingly welded, micritic to sparitic calcite b-fabric,
grading upwards; see Fig. 4.9f). Sand-sized bone fragments are present in both units (<2% of
groundmass), displaying a range of alterations including calcite replacement, in-situ fracture and
bioerosion (see Fig. 4.9h,i).
MM5: LSUs L, M and N
Located to resolve the relationship between layers displaying pronounced pinkish and yellow colour
changes (LSUs L to O; Fig. 4.4b), MM5A reveals an isotropic crust at the boundary between LSUs L
and M (Fig. 4.10a,e,f). LSU L displays laminations (~2 mm thick) of welded, ashy silt, preserved as a
localised fabric unit (Fig. 4.10c,d) within a spongey groundmass of greyish silt and microcharcoal. The
overlying isotropic crust is sharply delineated, although the sediment in a restricted zone directly
underneath displays a Ca-depleted, stipple-specked b-fabric (Fig. 4.10e,f). The overlying unit, LSU M,
consists of spongey, pinkish silts (Fig. 4.10a,b,e) that display a stipple-specked b-fabric and weaklyexpressed calcite hypocoatings. Subangular, coarse sand grains of quartz within LSU M show
extensive alteration and are associated with soil aggregates.
The interfaces between LSUs M, N and O, visible in MM5B, are also evident macroscopically (Fig.
4.10b). LSU N is represented by an aggregate of welded, ashy micritic calcite, separating LSUs M and
O (Fig. 4.8b). The brownish, calcareous silts of LSU O are arranged in double-spaced, fine enaulic
fabrics. Fragments of mollusc shell (up to 20mm in maximum dimension) are predominantly
preserved as aragonite (Fig. 4.10h), and infrequent sand-sized bone fragments display typical, ropey
interference colours in XPL.
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Fig. 4.7 (next page): (a) Flatbed scan of MM2A. Green dashed line marks approximate boundary of clay-lined passage
feature. Blue dashed lines demarcate a fabric unit displaying clay weathering and taranakite nodule precipitation (lower
boundary is diﬀuse); (b) Flatbed scan of MM2B; (c) Flatbed scan of MM2C. Red line marks approximate position of diﬀuse
boundary between LSU B and LSU C. Green line demarcates clay-lined passage feature. Blue line encircles area of
pronounced taranakite nodule precipitation; (d) Cluster of taranakite/francoannelite nodules (white arrows) showing
irregular alteration to unknown mineral (LSU B, MM2A, PPL); (e) As in panel d, white arrows show clay nodules within
groundmass (XPL); (f) Plant-derived siliceous aggregate (white arrow) within zone of nodule precipitation (LSU B, MM2A,
PPL); (g) Diﬀerence in b-fabrics between zone of nodule precipitation and clay-rich LSU B groundmass (white arrow marks
boundary) (LSUB, MM2A, XPL); (h) Irregular, weathered clay nodules within groundmass, (white arrow) (LSU B, MM2A,
XPL); (I) Fe/Mn aggregate (white arrow) containing quartz sand (LSU B, MM2B, PPL); (j) Fe/Mn aggregate containing banded
phosphatic nodules/spherulites (white arrow) (LSU B, MM2B, PPL); (k) Plant-derived siliceous aggregate (see arrow) (LSU B,
MM2B, PPL).
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Figure 4.8 (previous page): (a) Flatbed scan of MM1A. Yellow lines show approximate positions of horizontally oriented
concentrations of amorphous clays. Green line shows lower boundary of dense concentration of taranakite nodules. Blue
line demarcates erosive contact, indicating mass movement event (also panel f); (b) Flatbed scan of MM1B with
approximate extent of horizontally banded, amorphous concentrations of clay demarcated by dashed red line (darkfield);
(c) Flatbed scan of MM1C. Blue line indicates lower extent of upwards fining events (also panel j); (d) Diversity of authigenic
minerals within groundmass. Birefringent minerals form horizontal concentrations and partial void infills (white arrows).
Various isotropic nodules are also visible (LSU C, MM1A, PPL); (e) As in panel d, white arrow shows birefringent crystalline
mineral (LSU C, MM1A, XPL); (f) Erosive contact associated with amorphous clay concentration marked by dashed yellow
line (LSU C, MM1A, PPL); (g) Limpid clay coating/hypocoating on vugh (LSU C, MM1A, PPL); (h) multi-phase nodule with a
strongly ferruginised core (white arrow) (LSU C, MM1B, XPL) (i) As in panel h (LSU C, MM1B, XPL); (j) Upward-fining
events/clay microlaminae (white arrows) displaying micro-scale cracking (red arrows) (LSU D, MM1C, PPL); (k) Oxidised root
pseudomorph (MM1B, PPL).

Figure 4.9 (next page): (a) Flatbed scan of MM6A. (b) Flatbed scan of MM6B, with dashed blue line demarcating upper limit
of phosphatisation in LSU H and dashed red line marking the extent of a welded, ashy aggregate; (c) Photomicrograph
showing sand-sized, altered bone fragment associated with faunal void (white arrow) (LSU G, MM6A, PPL); (d) fragmentary
clay aggregates throughout groundmass (white arrows) and fragmentary phosphatised clay coatings (green arrow) (LSU G,
MM6A, PPL); (e) Zone of Mn oxide nodule (white arrows) precipitation at upper limit of phosphatised sediment (LSU H,
MM6B, PPL); (f) As in panel e (LSU H, MM6B, XPL); (g) Clay nodule displaying Fe/Mn depletion hypocoating (white arrow),
located at LSU H decalcification boundary (MM6B, XPL); (h) Sand-sized, bone fragment, possibly burned, fractured in situ
(LSU H, MM6B, PPL); (i) As in panel h, showing replacement with calcite (LSU H, MM6B, XPL); (j) Sand-sized bone fragments
(white arrows) within irregular aggregate of grey, isotropic mineral (LSU H, MM6B, XPL).
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Figure 4.10: (a) Flatbed scan of MM5A, showing LSUs L and M with a phosphatic crust precipitated at their interface
(demarcated by dashed yellow lines) and the lower limit of an underlying zone of limited phosphatisation (marked with
dashed green line); (b) Flatbed scan of MM5B, showing the interfaces between LSUs M, N and O. Upper boundary of LSU M
is demarcated by a dashed red line. The extent of LSU N, as visible in this thin-section, is delimited with a dashed green line;
(c) Ashy laminations associated with sand-sized, cooked bone fragments (LSU L, MM5A, PPL); (d) As in panel C (LSU L,
MM5A, XPL); (e) Phosphate crust precipitated between LSUs M and N (MM5A, PPL); (f) As in panel e (MM5A, XPL); (g)
charcoal fragment (LSU O, MM5B, XPL); (h) Shell fragments, some of which are calcite pseudomorphs (LSU O, MM5B, XPL).
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Figure 4.11: (a) Flatbed scan of thin-section MM4A with dashed red line indicating upper extent of LSU Q; (b) Flatbed scan
of MM4b with dashed green line indicating approximate interface between LSUs R and S; (c) Photomicrograph showing
concentration of ash rhombs (white arrows) (LSU R, MM4A, PPL); (d) Photomicrograph showing charred organic aggregate
displaying in situ fracturing (LSU R, MM4A, PPL); (e) Photomicrograph showing rounded, degraded charcoal fragment with
limpid clay infills in voids (see arrows) (LSU R, MM4A, PPL); (f) Photomicrograph of degraded charcoal displaying clay infills
of internal voids (LSU R, MM4A, XPL); (g) Photomicrograph of degraded and humified charcoal with deformation of internal
voids, mineral precipitation and evidence of bioerosion (LSU R, MM4A, PPL); (h) Photomicrograph of well-preserved
charcoal fragment displaying limited mineral precipitation in internal void and restricted humification around outer extent
(LSU R, MM4B, PPL).
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MM4: LSUs Q, R and S
MM4 was placed to resolve the transitions between LSUs Q, R and S, in a zone with high
concentrations of macroscopically identified combustion residues (Figs 4.3b, 4.11a). LSU Q, visible in
MM4A, consists of a chaotic mix of reddish-brown and grey-brown silt/dusty clay, carbonate sand
and gravel. Sand-sized shell is present, as is infrequent, sand-sized, fractured and degraded charcoal.
The upper boundary is difficult to locate in thin-section, due to the spongey fabric, but is associated
with increased concentrations of dusty clay throughout the groundmass.
The overlying unit, LSU R (Fig. 4.11a), is distinguished by a groundmass of charcoal-rich, ashy
grey/brown silts. Sand-sized to silt-sized charcoal fragments exhibit fracturing, rounding and clay and
calcite infills of internal voids (Fig. 4.11d–h). Ash rhombs form frequent groundmass components
(Fig. 4.11c) and aragonite shell is common. Bone fragments are less common and display extensive
bioerosion. Visible throughout are a range of burnt and baked clastic components, including soil
aggregates, speleothem fragments, rip-up clasts and rounded concentrations of oxide-replaced
organic matter.
The diffuse boundary between LSUs R and S is visible in MM4B. The groundmass reddens upwards
where the fabric becomes increasingly spongey and rounded aggregates of oxidised organic matter
are more abundant. The difference in b-fabric is pronounced, transitioning sharply upwards from
stipple-specked to undifferentiated, with superimposed ashy calcite coatings and calcite
hypocoatings arounds vughs. Coarse carbonates are present in this unit, and some carbonate rock
fragments have weakly expressed reaction rims. A further ashy unit is just visible above.
4.6.3

X-ray diffraction

The results of XRD analysis (Table 4.2) show a shift from iron and aluminium phosphate-dominated
sediments in the samples associated with MM3, MM2 and MM1, to predominantly calcium
carbonate-dominated sediments in MM4 and MM5. LSU E is dominated by iron and aluminium
phosphates, while LSU F chiefly comprises gypsum and bassanite. In MM6, there is a transition from
calcium phosphates in LSU G and the lower part of LSU H lower, to calcium carbonate in the upper
part of LSU H. Calcium phosphates are also present in LSUs M and S. Diffractograms are provided in
the Electronic Appendix.
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4.6.4

Particle-size

Particle-size data from Column 2 show considerable variation in sediment texture, both within and
between stratigraphic units (Fig. 4.12c). Although silt dominates the sediment (mean concentration =
70%), LSU A is poorly sorted with high concentrations of clay (minimum = 30%). The proportions of
sand and silt vary throughout LSU B, reflecting its heterogeneity (Table 4.1; Figs 4.6, 7). In LSUs C and
D the clay content is much lower, (median = 4.5%), while ratios of silt and clay vary considerably in
LSUs E and F (Fig. 4.12c).
The particle-size results from Column 1 reveal generally low proportions of clay (median = 5%,
maximum = 14%) and sand content varies from 8 to 37% with silt dominating (mean = 77%,
minimum = 59%; Fig. 4.12a).
4.6.5

Loss-on-ignition

%LOI organic values are highest in Column 2 (Fig. 4.12a, c; LSUs A–F %LOI organic mean = 10%).
Column 1 values are generally lower (mean = 4%), but LSU G has produced higher %LOI organic
values than the other Column 1 samples, (maximum = 11%). %LOI 1000°C is low in LSUs A–E and LSU
G, and higher in LSUs H–V, and also LSU F.
4.6.6

pXRF

Details of the pXRF results and multivariate statistical analyses are provided in the Electronic
Appendix. Variables (element concentrations) were omitted when returning null values (i.e., below
limit of detection) or high correlation values that were most likely erroneous. Fe shows strong
correlations with Zr (Spearman’s, r = 0.97 n = 23 p=<0.0001) and Ti (r = 0.95, n = 23, p=<0.0001), and
variable clustering suggests their variance is strongly related. P shows a strong correlation with Cu (r
= 0.83, p = <0.0001, n = 23) and Zn (r = 0.71, p = <0.0001, n=23); however, clustering of variables did
not group these elements.
Heirarchical clustering was carried out on the entire assemblage to identify two clusters (Fig. 4.12b),
as suggested by plotting within cluster sum of squares. The Column 1 and Column 2 samples
separated neatly and LSUs F and G were grouped with the Column 1 samples. The groupings within
the Column 2 samples reflect the mineralogical differences observed in XRD analysis (Table 4.2).
Principal component analysis (PCA) also separated the Column 1 and Column 2 samples, with LSUs F
and G forming an intermediate population (Fig. 4.12d). PCA indicates that the first principal
component is strongly associated with K and P, and to a lesser extent with Fe and is strongly
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Fig. 4.12 (previous page): (a) Stratigraphic diagram showing loss-on-ignition and particle-size results for Column 1 with grey
lines marking stratigraphic interfaces; (b) Dendrogram showing results of hierarchical clustering of portable X-ray
fluorescence (pXRF) data (complete linkage; Euclidean distance). “D” on y-axis indicates dissimilarity coefficient. Samples
are labelled by LSU, red rectangles demarcate 2 stable clusters identified by plotting within clusters sum of squares; (c)
Particle-size and %LOI results for Column 2 samples with grey lines marking interfaces; (d) Score and loading biplot showing
first two principal components of pXRF data, labelled by LSU; (e) Scatterplot showing distribution of Ca/P values of sampled
sediments and 4 stable k-means clusters, labelled by Column and LSU.
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negatively associated with Ca (Table 4.3). A scatterplot of Ca/P values for all sampled sediments can
be divided into 4 k-means clusters (Fig. 4.12e). Overall, Column 1 samples are enriched in Ca and
depleted in P, while Column 2 samples are depleted in Ca and enriched in P. In addition to LSUs F and
G, a number of other samples from Column 1, LSUs K, M, S and one sample from LSU L, may form an
intermediate population.

4.7 Discussion
4.7.1

Pleistocene sedimentation at Con Moong Cave

Pleistocene sedimentation at CMC (Fig. 4.13) can be divided broadly into four phases, based on the
combined results of micromorphological, geochemical and geochronological analyses.
•

Phase 1: the poorly resolved depositional period represented by LSU A, a diamict that
accumulated prior to (and possibly during) MIS 4 and has been subject to extensive
phosphatic diagenesis (Fig. 4.13a);

•

Phase 2: the accumulation and diagenetic alteration of guano-dominated sediments under
very humid conditions during MIS 4 and early MIS 3 (LSUs B–E; Fig. 4.13b–d);

•

Phase 3: the accretion of colluvially redeposited combustion residues during prolonged
periods of human occupation, punctuated by episodic abandonment and bat recolonisation
during MIS 3 (LSUs G–M and possibly LSU F; Fig. 4.13e);

•

Phase 4: a switch to predominantly geogenic sedimentation during MIS 2, with evidence for
sporadic occupations by humans and bats (LSUs N–V), most likely at different times (Fig.
4.13f).

Phase 1: Deposition and extensive alteration of basal sediments (deposited before 73.9 ± 9.9 ka)
LSU A has been subject to extensive bioturbation and diagenesis (Fig. 4.13a–c). The phosphatic
alteration affecting clasts in LSU A is severe and obscures their original lithology. The geology of the
extensively folded Triassic formations surrounding CMC is diverse (Nam, 1995; Quang, 2009) and
similar, lithologically diverse allogenic sediments may accumulate through fluvial and colluvial
processes (e.g., Gillieson, 1986).
Phase 2: Guano deposition under saturated conditions from 73.9 ± 9.9 ka
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Figure 4.13: Illustration showing phases of sedimentation at Con Moong Cave: (a) Deposition of undated basal diamict; (b)
Accumulation of waterlogged guano deposit LSU B during early Marine Isotope Stage (MIS) 4; (c) Horizonisation of growing
guano deposit due to differences in sedimentary redox environment, with LSUs C–E accumulating during MIS 4; (d) Colluvial
deposition of guano and mixed allogenic and autogenic material (LSUs F and G) including soil aggregates, in a drier but
moist environment during early MIS 3; (e) Colluvial deposition and syn-depositional reworking of ashy occupation deposits,
with layers of phosphatic silt indicating episodes of anthropogenic abandonment and bat colonisation (LSUs H–M); (f)
Switch to dry conditions and predominantly geogenic deposition of carbonate silt and sand with pedological inputs during
MIS 2. Evidence for sporadic human occupation is distributed throughout, sometimes forming ephemeral layers, episodic
bat occupation is also evident (LSUs N–S). Wasp vector from svgsilh.com used under CCO 1.0; Rat vector by Natasha
Sinegina, taken from http://www.supercoloring.com used under CC BY-SA 4.0; human vector by Ikaros Ainasoja hosted at
http://freevectors.net.
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LSUs B–G are the diagenetically altered remains of a sequence of guano deposits, dominated by
suites of authigenic phosphate and sulphate minerals. Different phosphate mineral species
precipitate under specific physico-chemical conditions, often related to the decomposition of guano
and the development of acidic sedimentary environments (Shahack-Gross et al., 2004). They serve as
useful indicators of past burial conditions and measures of the taphonomic integrity of
archaeologically significant material (Karkanas et al., 2000; Bird et al., 2007; Karkanas, 2010).
LSU B was deposited on a submerged floor (Fig. 4.13a,b), as inferred from the laminar fabrics, Fe/Mn
concentrations and the presence of vivianite, a reduced iron phosphate mineral that forms under
anoxic, waterlogged conditions (Heiberg et al., 2012; Rothe et al., 2016). We are uncertain about
subsequent developments in the burial environment (Fig. 4.13c–f), due to the apparent cooccurrence of vivianite with both leucophosphite, an iron phosphate indicating wet and very acidic
conditions (Karkanas et al., 2000; cf. Tatur and Keck, 1990), and gypsum, which is a soluble sulphate
mineral. The behaviour of phosphate in extreme redox environments is poorly understood (Roden
and Edmonds, 1997; Heiberg et al., 2012; Rothe et al., 2016), and it is probable that these
incongruous associations result from diachronous episodes of diagenetic change related to
fluctuations in sedimentary hydrology and resulting shifts in redox and pH in the burial environment
(cf. Wurster et al., 2015). We suggest the gypsum crystals precipitated due to oxidation of reduced
sulphide compounds during a shift to drier conditions, a process analogous to the genesis of acid
sulphate soils (Mees and Stoops, 2010). As gypsum is a soluble mineral, these dry conditions may
have persisted since the time of gypsum crystallisation. Alternatively, the gypsum crystals may have
formed during excavation or sample preparation. The %LOI results in Appendix 1, Table 8.3 may lend
weight to the latter interpretation, as they suggest these lower sediments were waterlogged when
initially sampled.
The OSL ages for LSU B, 73.9 ± 9.9 to 63.0 ± 7.3 ka, suggest deposition during early MIS 4. As guano
continued to accumulate, an upper section formed a very wet but aerobic zone (LSU C) dated to 64.7
± 5.5 ka (Fig. 4.13c). LSU C is dominated by taranakite (table 4.2), a phosphate mineral product of
clay weathering in very wet, acidic environments (Weiner et al., 2002; Onac and Vereş, 2003;
Shahack-Gross et al., 2004; Bird et al., 2007; Frost et al., 2011; Wurster et al., 2015). Erosive contacts
and sorting of fines correspond with macroscopically observed flame and load structures, which are
features indicative of episodic mass movements of water-saturated sediment (Gilbertson et al., 2005;
Bird et al., 2007; Dykes, 2007). The stratified, grey silt lenses within LSU B (Fig. 4.4a; Table 4.1) are
geochemically, mineralogically and sedimentologically similar to LSU C, indicating that a series of
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alternating oxic and anoxic microenvironments formed as the guano mound accumulated. These
differences in sedimentary conditions may relate to fluctuating water levels or the activity of
microbial decomposers.
At the lower interface of LSU D (Fig. 4.6j), water-sorted, clay-rich sediments have formed crusts,
indicating intermittent waterlogging or ponding. Field observations show that this is a lens of
material and LSU D, overall, have a similar mineral composition to LSU C (Table 4.2). LSU D is dated to
55.8 ± 4.8 ka (early MIS 3). No thin sections are available for LSUs E or F, but XRD analysis indicates a
shift in dominance from Al/Fe phosphates in LSUs D and E, to bassanite and gypsum in LSU F. While
sulphate minerals are considered less useful than phosphates as environmental indicators (Karkanas
and Goldberg, 2010; Wurster et al., 2015; Mallol and Goldberg, 2017), these soluble, evaporitic
species are unlikely to persist in acidic sediments with percolating water (Karkanas et al., 2000;
Karkanas, 2010; Wurster et al., 2015; Karkanas, 2017). Without microstratigraphic data it is difficult
to make further inferences about the environment and relative timing of the formation of these
authigenic minerals in LSU F.
The ages of the three samples from layer F range from 40.3 ± 3.3 to 45.4 ± 3.3 ka. These ages are
systematically younger than that of the sample from the overlying LSU G (51.3 ± 5.2 ka), but
consistent at 2σ, which suggests that LSUs F and G and adjacent LSU K (42.0 ± 2.6 ka), were
deposited in during the middle part of MIS 3 (50-40 ka). The stratigraphic relationship of these
geochemically similar units is poorly resolved, due to the extensive bioturbation obscuring the upper
boundary of LSU F (Fig. 4.5). The single-grain De datasets of the three samples from LSU F show low
to moderate dispersion and no discrete De components were identified. Accordingly, LSU F and LSU G
may be part of the same depositional unit that has been subject to spatially discrete postdepositional bioturbation and diagenesis. Alternatively, they may be separate units and faunal
disturbance did not transport material significantly between them. If any grains were translocated
between these units by bioturbation, then it would not be possible to identify the intrusive grains if
their De values are similar to those of the host deposit or if they are limited in number or emit dim
OSL signals. The OSL ages therefore reflect the time of deposition of the vast majority of grains in
each unit.
Phase 3: Colluvial sedimentation and human occupation under drier on-site conditions
LSUs G–M date to MIS 3 and derive from colluviation of autocthonous and allogenic sediments,
including soil aggregates, carbonate spall, speleothem fragments and guano (Fig. 4.13e,f). An OSL
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age of 51.3 ± 5.2 ka was obtained for LSU G, which bears a geochemical and mineralogical fingerprint
similar to that of the adjacent guano profile (Table 4.2; Fig. 4.12). The dominance of whitlockite, a
calcium phosphate, and the preservation of bone and shell fragments suggest that burial conditions
were less acidic than in LSUs C–E, but a moist environment is indicated by the presence of
fragmentary clay coatings and redoximorphic features. Rounded soil aggregates reflect colluvial
inputs from the entrance slope and possibly by faunal transport.
The overlying unit (LSU H) is an ashy, anthropogenic detrital sediment that has been subject to
localised decalcification and carbonate recrystallisation due to groundwater fluctuations. A sharp
interface demarcates the boundary between an upper zone of carbonate preservation (Figs 4.9f,
4.13e), and a lower, phosphatised zone that was episodically waterlogged. Groundwater passing
through or over guano deposits may transport phosphatic material (Frost et al., 2011), and the
position of LSU H relative to the sloping guano deposit suggests that this process was likely
responsible for the observed changes (Fig. 4.5). The chaotic mix of bone, shell, soil aggregates and
other material within LSU H suggest that it has resulted from syn-depositional dumping, colluviation
and bioturbation of occupation waste, presumably derived from upslope sources near the entrance.
LSU L is an extensively bioturbated, ashy deposit. Laminar fabrics indicate slopewash processes in
cave sediments (Mücher et al., 2010; Mentzer, 2014; Mallol and Goldberg, 2017), here transporting
occupation debris downslope from the CMC entrance area. Micritic calcite recrystallisation is a
further indicator of moist conditions in the burial environment. Deposited near the end of MIS 3
(30.8 ± 1.7ka), LSU M exhibits a pinkish, spongey groundmass and a phosphatic mineralogy, both
indicators of guano content in cave sediment, suggesting a hiatus in human occupation. Leachates
from this deposit have resulted in the phosphatic crust precipitated at the boundary between LSUs L
and M and in the limited zone of decalcification beneath. While calcite coatings of voids indicate
carbonate-laden pore water circulation through LSU M, which would have buffered the sediment pH,
the preserved range of autogenic and allogenic material (including carbonate spall and cracked,
rounded soil aggregates) indicate a generally drier sedimentary environment; this would have limited
the extent of guano-driven diagenetic change. The overlying unit (LSU N) is an ashy aggregate,
resulting from a further, short-lived episode of human activity, with increased humidity promoting
wet colluviation and carbonate recrystallisation.
Phase 4: Geogenic sedimentation and sporadic occupation during MIS 2
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Overlying Phase 3, LSU O is a geogenic mix of carbonate silt and sand, with clasts including mollusc
shell, reflecting a significant change in depositional regime. LSU Q, visible in MM4, is similarly
geogenic and contains an increase in gravel-sized limestone spall weathered from the cave walls and
roof, alongside significant proportions of rounded soil aggregates and dusty clays. Evidence for a
human presence in these units is limited, suggesting less intensive occupation than that represented
in LSUs H and L.
LSU R is chaotic mix of ash and charcoal-rich sediment, indicative of an ephemeral period of dumping
or colluviation of human occupation waste. Ash rhombs are preserved, reflecting limited water
circulation through this unit, but the incorporated charcoal has been subject to extensive
humification, bioturbation and diagenesis. The poor preservation of bone, compared to aragonite
shell, suggests microbial degradation is an important taphonomic process, operating even in burial
environments where conditions otherwise appear favourable to biomineral preservation.
A subsequent period of site abandonment is suggested by the spongey, decalcified groundmass of
LSU S, indicative of guano deposition (Bird et al., 2007). The limited diagenetic changes affecting the
underlying units in phase 4 are consistent with generally drier conditions during MIS 2. Although
coarse carbonates are preserved, rare bone fragments show evidence of extensive bacterial attack
and reaction rims on the carbonate gravel clasts indicate some phosphatisation. Preserved ashy
carbonates, visible towards the top of thin-section MM4B, suggest a subsequent episode of human
occupation.
4.7.2

Human occupation of Con Moong Cave in its regional environmental context

This study provides a glimpse into the history of human settlement of North Vietnam during the late
Pleistocene. During the deposition of LSUs A–E, from before and during MIS 4 until early MIS 3, our
environmental reconstruction indicates a malodorous, wet and colluvially active depositional
environment. It is unlikely that the inferred large bat population would co-exist with hominins at
such a site (Hawkins et al., 2016), however, guano-rich burial environments are likely to remove
many indicators of human occupation, including ash and bone (Weiner et al., 1995; Karkanas et al.,
2000; Karkanas, 2010).
We observe an overall drier environmental signal from ~51 ka, with analysis of the less-altered
sediments of LSUs H–V indicating a complex history of human activity during MIS 3 and MIS 2. The
micromorphological features in LSUs M and S, both interstratified between ash layers, suggest guano
deposition during periods of site abandonment by people. LSU M was deposited under drier
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Figure 4.14: Comparison of Ca/Fe ratios (red stars) and Ca/P ratios (blue stars) from Column 1 samples, reflecting
proportions of pedogenic and guano/ash inputs, respectively. The composite δ18O record from Xiaobailong Cave, southern
China (lower curve), is used here as a measure of Indian Monsoon Intensity and regional precipitation (Cai et al. 2006;
2015). H3–5 denote episodes of reduced monsoon signal linked to Heinrich events 3–5 (Cai et al. 2015). Green areas
demarcate the linearly interpolated periods during which guano-rich LSUs M and K were deposited. Red area demarcates
interpolated deposition of LSU G, another guano-rich unit, while the blue area demarcates MIS 2. Black circles and error
bars denote OSL ages and 1σ uncertainties for the LSUs shown. Plotted against the Xiaobailong Cave data, our results
suggest that throughout MIS 3 periods of anthropogenic abandonment may correspond with millennial-scale reductions in
precipitation. During MIS 2 rapid climate fluctuations correspond with large variations in the Ca/P ratio, reflecting the shortlived occupation events observed in thin section. The low Ca/Fe ratios during MIS 2 reflect the switch to geogenic
deposition also observed in thin section.
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conditions and is dated to the MIS 3/2 transition at 30.8 ± 1.7 ka. This timing is broadly coincident
with an abrupt decrease in regional precipitation at 30.1 ka, observed by in the speleothem δ18O
record from Xiaobailong Cave in Southern China (Cai et al., 2015). LSU S is dated to 26.0 ± 1.3 ka and
forms part of the sequence of LSUs O–V that were deposited during MIS2, as indicated also by the
radiocarbon chronology for LSUs O–T (22–19 ka) and the OSL age for the sediment sample from LSU
Q (24.7 ± 1.6 ka).
By plotting element ratios generated from LSUs G–S against an interpolated age/depth model we can
further investigate the relationship between sedimentation at CMC and the published record of
regional climate from Xiaobailong Cave (Fig. 4.14; Cai et al., 2015). Variations in Ca/P and Ca/Fe ratio
in LSUs G–V can be related to specific depositional changes at Con Moong Cave (Section 4.6.6). PCA
demonstrates that the guano-dominated Column 2 samples and carbonate-dominated Column 1
samples can be neatly separated on the basis of their geochemical signature (Fig 4.12d; Table 4.3),
particularly the ratio of Ca to P; an intermediate population including LSUs that have a mix of
phosphatic guano and carbonate-rich material (LSUs F, G, K, L, M and S) represents an exception (Fig
4.12e).
Pinkish deposit LSU K, dated to 42.0 ± 2.6 ka and stratified below ashy LSU L (Fig. 4.4b; Table 4.1), has
a similar Ca/P ratio to guano-rich LSUs M and S (Fig. 4.12e). This suggests an earlier episode of
anthropogenic abandonment and bat colonisation, coincident with a shift to drier conditions at the
end of Greenland Interstadial 12 at ~43.5 ka, as recognised by Cai et al. (2006) in Xiaobailong Cave.
Our interpolated chronology suggests that the deposition of LSU L occurred during a period of
greatly reduced precipitation, which Cai et al. (2006) associate with Heinrich event H4. LSU L,
however, contains evidence for wet, slopewash processes, suggesting deposition during a period of
humid on-site conditions, and is directly dated to 36.0 ± 1.9 ka.
During MIS 2, starting ~30 ka, the variation in sedimentary Ca/P ratio between LSUs reflects the
climate instability observed in the regional record (Marwick and Gagan, 2011; Cai et al., 2015).
Anthropogenic occupation during this period was episodic, consisting of short-lived pulses of activity
relative to the intensive deposition of combustion residues during MIS 3 (Fig. 4.4b). Ca/Fe ratios,
used here as a corollary of pedogenic inputs (Section 4.6.6), are lowest in LSUs with a high clay and
guano content and, within the Column 1 samples, particularly those deposited during MIS 2. This
may be an indicator of landscape instability and soil erosion, resulting from climate-driven,
geomorphic processes operating in the catchment.
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Combined, our results suggest human occupation of CMC during MIS 3 correlates with periods of
strong monsoon circulation and increased precipitation, with site abandonment occurring during
drier conditions. While climate instability during MIS 2 correlates with a reduced intensity of ash
deposition in CMC, occupation continued sporadically and the ashy layers, burials and shell middens
overlying LSU S (Table 4.1; Thong, 1980; Mai Huong and Van Hai, 2009; Lam and Su, 2014) suggest
increasingly intense occupation approaching the terminal Pleistocene. The complex relationship
between human occupation and climate recorded at CMC suggests that further analyses of
excavated assemblages and biogeochemical reconstructions of environmental conditions may help
resolve long-standing questions related to the origins and nature of the “Hoabinhian phenomenon
(Van Tan, 1997)”, its associated shell middens and the chronology of human adaptation to the upland
landscapes of MSEA. Further geochronological research in the region may also help improve the age
control for the major turning points in human occupation and environmental change recorded in the
cave deposits.

4.8 Conclusions
This study has demonstrated the power of an integrated geoarchaeological approach to disentangle
the complex environmental and anthropogenic signals stored in tropical cave sediments. The
destructive effects of sediment transport, bioturbation and guano-driven diagenetic change are
visible throughout the sequence at CMC. These processes commonly affect cave deposits in the
tropics to a greater extent than those at higher latitudes (Morley, 2017; Morley and Goldberg, 2017;
O’Connor et al., 2017a; Shahack-Gross, 2017). The related loss of (micro)stratigraphic relationships
and sedimentary constituents means that the environmental histories of the sediments cannot be
reconstructed solely from micromorphological analysis of thin-sections (Mallol et al., 2009; Karkanas,
2010; Mentzer and Quade, 2013).
Our results have confirmed the efficacy of a combined approach, incorporating micromorphology
and geochemical analysis, to generate detailed stratigraphic, environmental and taphonomic
assessments, even where the sediments have been subject to pronounced post-depositional
changes. Additionally, bulk sediment analysis using pXRF multi-element characterisation and a
battery of sedimentological techniques has enabled observations made in thin-section to be
supported and extrapolated to the rest of the sequence, generating a more complete model of
Pleistocene sedimentation at CMC.
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The unusual, observed associations between mineral species, the lack of documented analogues in
present-day burial environments, and the prominent role of bacteria as taphonomic agents highlight
ongoing uncertainties related to the effects of tropical conditions upon the site formation processes
in caves. The features observed in the CMC sediments offer opportunities for future investigations to
further illuminate the history of changing palaeoenvironments at this site and others in MSEA and
also to contribute further to an interpretative framework for cave sediments in other tropical
regions.
The record of human activity at CMC, and our tentative association between episodes of occupation
and abandonment and changes in monsoon intensity provides novel insights in a region where
current narratives of the Palaeolithic are based largely on scattered human remains and lithic finds
(Marwick, 2009; Dennell and Porr, 2014; Morley, 2017; Marwick, 2018). To resolve the regional
history of human–environment interactions and more fully understand the processes driving
settlement, demographic change and adaptation in this diverse and challenging region, will require
the combination of a range of complementary techniques and approaches, such as those used in this
study.
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“Gradually I came to find Herbert West himself more horrible than anything he did—that was when it
dawned on me that his once normal scientific zeal for prolonging life had subtly degenerated into a
mere morbid and ghoulish curiosity and secret sense of charnel picturesqueness.”
[H.P. Lovecraft, Herbert West: Reanimator]
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5.1 Note on authorship
This chapter is a manuscript that was re-submitted, with minor revisions, to Journal of
Archaeological Science: Reports. Conor McAdams carried out all laboratory experiments and analyses
that are reported in this chapter, and wrote all sections of this manuscript. Prior to initial submission,
drafts of the manuscript were substantially revised in response to detailed feedback from Mike W.
Morley and Richard G. Roberts. I am grateful to the two anonymous reviewers, along with Chris O.
Hunt (editor of Journal of Archaeological Science: Reports), for their useful comments during the
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5.2 Abstract
Caves in tropical regions form a key resource for those reconstructing human evolution and
dispersals. However, the complex sedimentary records they contain remain under-interpreted
because of the poorly constrained effects of humid tropical climates upon archaeological site
formation processes. Guano-driven phosphatic diagenesis impacts archaeological preservation in
caves, but atypical features observed in guano layers in prominent Southeast Asian archaeological
sites suggested that hot and humid conditions had promoted the formation of distinctive
sedimentary environments with unknown effects on assemblage taphonomy. Few reference data
exist that are relevant to geomorphic processes in tropical caves and this laboratory-based modern
analogue study was designed to conclusively relate analytical observations to sedimentary
palaeoenvironments and explore their effects on assemblage taphonomy. Stratigraphic models were
kept under simulated tropical conditions, each containing an identical range of faunal remains,
organic and mineral materials, which was buried in wet bat guano. These were excavated, one per
month over 24 months, while nine further stratigraphic models were used to control for
environmental variables. Sedimentary environments were investigated using sedimentological
characterisations of excavated sediments, while post-depositional alterations to buried materials
were investigated through optical and scanning electron microscopic analysis of thin-section samples
combined with chemical characterisations of excavated samples through Fourier-transform infrared
spectroscopy (FTIR). Experimental conditions prevented the sediment acidification that is typically
associated with guano-driven diagenesis, but buried materials were severely, and distinctively,
diagenetically altered. Organic decomposition in guano, bamboo and charcoal was associated with
the activities of sulphate-reducing bacteria, but diagenetic alterations affecting charcoal remain
poorly resolved due to variation in the experimental assemblage. Bone was discoloured and affected
by dissolution, recrystallisation and alteration to secondary minerals, including gypsum, while
carbonates reprecipitated as calcium phosphates and non-stochiometric mineral species. Diagenesis
of clay minerals was observed, but related diagenetic trajectories remain poorly resolved. These
alterations provide micromorphological and mineralogical indicators of sedimentary
palaeoenvironments in the earliest stages of burial and this experiment provides a framework within
which to understand the taphonomy of archaeological materials in tropical caves.
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5.3 Introduction
The humid tropics often formed the theatre for the early dispersal of Homo sapiens eastwards out of
Africa (Roberts et al., 2015; Morley, 2017; Roberts and Amano, 2019), but the importance of
equatorial regions and rainforest environments to our human evolutionary history has only really
become apparent in the past two decades as Pleistocene archaeological sites associated with these
closed-canopy environments have been reported (Barker et al., 2007; Rabett et al., 2017; Wedage et
al., 2019). Archaeological research is a challenging undertaking in tropical zones (Morley and
Goldberg, 2017) and geomorphological processes of archaeological site formation and preservation
are surprisingly understudied in tropical contexts (Gilbertson et al., 2005; Kourampas et al., 2009;
Gupta, 2011; Morley, 2017). Of critical importance to current understandings of the deep human
past are recent fossil finds from across Southeast Asia (Brown et al., 2004; Sutikna et al., 2016;
Demeter et al., 2017; Westaway et al., 2017; Détroit et al., 2019; Rizal et al., 2020), revealing a
complex portrait of Pleistocene hominin demography. However, many aspects of these narratives
remain contested and controversial due to persistent taphonomic and stratigraphic uncertainties at
key sites (Dennell and Porr, 2014; Morley, 2017).
Micro-scale geoarchaeological methods offer an opportunity to precisely contextualise finds and
disentangle human and environmental signals from archaeological deposits that have been subject
to extensive post-depositional changes (Goldberg and Sherwood, 2006), but these techniques are
rarely incorporated into archaeological investigations in tropical zones (Morley, 2017). The small-butgrowing body of geoarchaeological work targeting Southeast Asia’s Pleistocene archaeological record
has highlighted uncertainties surrounding potentially atypical site formation processes at prominent
archaeological sites (Morley et al., 2017; Stephens et al., 2017; McAdams et al., 2020), but until
recently there has been little concerted effort to constrain or explore the effects of tropical
environmental factors upon sedimentary environments and archaeological preservation (Morley and
Goldberg, 2017).
In the tropics, hot and humid conditions catalyse chemical weathering processes and as a result the
preservation of fossils and archaeological materials in soils is often poor, this means caves are a
critical Pleistocene archaeological resource in tropical regions (Anderson, 1997; Barker et al., 2005;
Morley and Goldberg, 2017). Although the influence of tropical environmental factors on the
taphonomy and diagenesis of cave sediments is often assumed (Stephens et al., 2017), few empirical
data exist to support these hypotheses and the complex stratigraphic sequences that characterise
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archaeological caves in the tropics remain under-interpreted as a result. Bolstering site
interpretations through the development of tailored reference datasets has been identified as a
priority of geoarchaeological research in the tropics (Morley, 2017; Morley and Goldberg, 2017;
Morley et al., 2017).
Geoarchaeological investigations focussed on higher-latitude contexts have identified guano-driven
phosphatic diagenesis as an important taphonomic process that affects the preservation of
archaeological materials in caves (Karkanas et al., 2000; Shahack-Gross et al., 2004; Karkanas, 2017).
Guano’s chemistry leads to the dissolution of bone and ash and the precipitation of authigenic
phosphate minerals that serve as proxies, both for sedimentary palaeoenvironments and their
potential effects on assemblage preservation (Schiegl et al., 1996; Goldberg and Sherwood, 2006).
However, the combinations of minerals detected in guano layers from a number of tropical cave sites
are unusual (Wurster et al., 2015; Lewis, 2016; Stephens et al., 2017; McAdams et al., 2020) and
these differences suggest that hot and humid conditions may influence the biogeochemical
processes that occur in decomposing guano, resulting in distinct burial environments and
diachronous episodes of diagenetic change with unknown effects on assemblage taphonomy.
Holistic understandings of site formation processes and the completeness of the archaeological
record are essential to robust archaeological interpretations (Shahack-Gross, 2017), and
disentangling the processes that drive post-depositional change in equatorial regions will have wide
application in studies of tropical archaeological cave sediments (Butzer, 2008; Canti and Huisman,
2015; Morley, 2017; Morley and Goldberg, 2017). This paper presents the experimental design and
initial results from a laboratory-based modern analogue study that was designed to satisfy three
inter-related research questions.
1. What types of sedimentary environments produce the distinctive authigenic phosphate
and sulphate mineral assemblages recorded in tropical cave sequences?
This study will determine whether mineral assemblages recorded at humid tropical cave sites are
indicative of specific sedimentary environments associated with the presence of wet guano.
2. How did such sedimentary environments affect archaeological assemblage taphonomy?
The study will assess the effects of these sedimentary environments on the preservation and
degradation of a range of archaeologically important materials. It is important to understand the
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preservation potential of such materials in the presence of guano, in order to interpret the
distribution of artefacts at sites that contain these features.
3. To what extent do humid tropical environments affect the nature and/or pace of postdepositional diagenetic change?
This study will control for specific environmental variables including temperature, burial medium and
moisture to assess the importance of tropical climatic factors in governing the nature and pace of
post-depositional processes.

5.4 Guano-driven diagenesis in tropical cave sediments
Acidic chemical environments may develop in association with decomposing guano, modifying or
removing archaeologically important materials and promoting the precipitation of authigenic
phosphate minerals that form under specific environmental conditions. These neoformed minerals
may remain stable during subsequent episodes of environmental change and therefore serve as
palaeoenvironmental indicators (Shahack-Gross et al., 2004). The taphonomic implications of these
processes have been well-explored, but a number of tropical guano profiles are characterised by a
juxtaposition of authigenic phosphate minerals with soluble sulphate minerals like gypsum and
bassanite, which often form in the earliest stages of guano-driven diagenesis (Gilbertson et al., 2005;
Stephens et al., 2005, 2016, 2017; Wurster et al., 2015; McAdams et al., 2020). This is surprising
given that sulphate minerals are not expected to be found in mature, extensively-altered guano
deposits (Shahack-Gross et al., 2004) and related uncertainties surrounding sedimentary
palaeoenvironments and their effects on assemblage taphonomy prevent concrete assessments of
artefact distribution and site occupation.
Modern geoarchaeological (microarchaeological) techniques have only been applied to a small
number of archaeological cave sites in Southeast Asia, including Niah Cave (Stephens et al., 2005,
2016, 2017), Liang Bua (Morley et al., 2017) and more recently, Con Moong Cave (McAdams et al.,
2020). Features reported from the lowermost layers at Con Moong Cave include a clay- and organicrich groundmass with phosphate minerals and nodules of gypsum precipitated throughout
(McAdams et al., 2020). Wurster et al. (2015) suggest similar suites of minerals could result from
preservation of soluble sulphates within a mineralised sediment matrix, but Stephens et al. (2017)
identified that sulphate crystals at Niah Cave were superimposed onto a phosphatised groundmass,
which suggests diachronous environmental changes. At Con Moong Cave, McAdams et al. (2020)
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suggest the diagenetic processes that produce such incongruous features were governed by
fluctuating redox environments, potentially a result of waterlogging and the activities of anaerobic
microbial communities. This would imply that the generally applied model of guano
oxidation/decomposition and resultant acidic environment and destruction of archaeological
materials (Weiner et al., 1995; Goldberg and Macphail, 2006) is not applicable, as anoxic conditions
could inhibit aerobic respiratory pathways and prevent the drop in sedimentary pH associated with
decomposing guano (Kirk, 2004; Inglett et al., 2005; Kögel-Knabner et al., 2010).
5.4.1

The biogeochemistry of wet guano

McAdams et al., (2020) suggest that under wet, anoxic conditions, microbes in an accumulating
guano deposit may produce sulphidic compounds and create an alkaline sedimentary environment.
Upon aeration of the sediments, sulphides would be oxidised to form the nodules of gypsum
(CaSO4·2H2O) observed throughout the sediment, and acidogenesis would progress rapidly. The
behaviour of phosphorous in extreme redox environments is poorly understood (Heiberg et al., 2012;
Rothe et al., 2016) and this hypothesis is based upon pedological and lacustrine environments (e.g.
Mees and Stoops, 2010) that may not provide useful analogues for tropical cave sediments. How
such environmental changes would affect the taphonomy of archaeologically important materials
such as carbonate ash and biominerals also remains unclear. These uncertainties mean that the
incongruous mineral suites observed in the guano deposits at Niah Cave, Con Moong Cave and other
tropical guano profiles cannot be conclusively related to sedimentary and post-depositional
processes, therefore the taphonomy of archaeological materials in any sites with similar features
cannot be reliably assessed. This issue arises in the context of a wider investigation into the effects of
tropical conditions upon archaeological site formation processes in caves, where problematic
stratigraphies have presented persistent challenges to interpretation (Anderson, 1997; Barker et al.,
2005; Morley and Goldberg, 2017; O’Connor et al., 2017a). These issues would remain intractable
without a reliable body of reference data.
5.4.2

A modern analogue approach to understanding post-depositional processes

Information on the early stages of guano-driven diagenesis largely comes from field observations
(Shahack-Gross et al., 2004), but laboratory-based work using modern analogues provides another
way to understand post-depositional processes in the burial environment (Shahack-Gross, 2017).
Such approaches may be considered similar to taphonomic research, which is commonly conducted
by forensic scientists and osteoarchaeologists to assess the preservation and decomposition of
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faunal remains under a range of environmental conditions (Turner-Walker, 2008, 2012; TurnerWalker and Jans, 2008; Turner-Walker and Syversen, 2002).
Demonstrating the efficacy of such approaches, Gur-Arieh et al. (2014) used laboratory experiments
to understand the dissolution and differential preservation of microscopic ash components in Bronze
Age and Iron Age sites in Israel, bolstering interpretations of combustion feature types and related
occupation activities. Butler and Shahack-Gross (2017) used laboratory experiments to show that
salmonid bones recrystallise to beta magnesium tricalcium phosphate at temperatures commonly
attained in hunter-gatherer hearths. That mineral could therefore be used as a proxy for economic
reconstruction in an environment with poor bone preservation (Butler et al., 2019). While some
laboratory-based studies focussed on guano-driven diagenesis have been conducted, these have
been limited in scope (Asryan et al., 2017).

5.5 Materials and methods
5.5.1

Experimental design

Twenty-four identical experiments (EX1–EX24) were assembled in polyurethane containers, each
representing a multi-phase stratigraphic sequence deposited on a cave floor, wherein an occupation
deposit on a sand surface had been buried under guano in a hot and humid environment. Each
experiment comprises 100 ml of commercially available ‘washed sand’ (quartz) infilling the
lowermost ~10% of the plastic container, with an identical series of archaeological analogues
distributed across this surface. Within each experiment the analogues were arranged in two identical
rows (Fig. 5.1a), overlain with 600 ml of lightly compressed insectivorous bat guano, collected from a
bat colony in rural New South Wales, to fill the upper ~80% of the container and leaving ~10% of
overlying space. Humid conditions were recreated with the addition of 400 ml of deionised water.
Each experiment was sealed with a lid, wrapped with waterproof adhesive tape to prevent moisture
loss and placed in an oven set to 30°C (Fig. 5.1b). Samples were removed and excavated, one per
month over a period of 24 months, allowing assessment of developing sedimentary environments
and the effects on the preservation and degradation of buried material. A series of 9 further
experiments (EX25–33) were assembled to provide experimental controls for variables such as
sediment matrix, waterlogging and temperature (Table 5.1). EX0 refers to unaltered, pre-experiment
materials.
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Figure 5.1: (a) Photograph of experimental sample before addition of waterlogged guano, showing two rows of
archaeological analogues that will be used to assess taphonomic and diagenetic developments within the burial
environment. “1” marks mammal bone (pig rib), “2” marks fish bone (salmonid vertebra), “3” marks clay aggregate, “4”
marks bamboo charcoal, “5” marks bamboo fragment, “6” marks carbonate gravel. Red arrow marks line used to target
thin-section sampling; (b) Photograph of oven used to keep experimental samples at 30°C, simulating tropical conditions.
Note duct tape around samples to help retain moisture; (c) Photograph of roosting, eastern horseshoe bats (Rhinolophus
megaphyllus) at cave site from which guano was sampled; (d) Photograph of lace monitor (Varanus varius) lying in sampled
guano mound; (e) Sample removed from oven after one month (EX1), half-sectioned and partially excavated. Numbers
mark experimental analogues as in panel a.
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Sample number

Experimental conditions

EX0

Pre-experiment samples

EX1–24

Waterlogged guano kept in
oven at 30°C (excavated one
per month over 24 months)

EX25

Dry guano kept in oven at
30°C (excavated after 24
months)

EX26

Dry guano kept out of oven
at room temperature ~21°C
(excavated after 24 months)

EX27

Wet guano kept out of oven
at room temperature ~21°C
(excavated after 24 months)

EX28

Dry sand kept in oven at 30°C
(excavated after 24 months)

EX29

Dry sand kept out of oven at
room temperature
temperature ~21°C
(excavated after 24 months)

EX30

Wet sand kept in oven at
30°C (excavated after 24
months)

EX31

Wet sand kept out of oven at
ambient temperature ~21°C
(excavated after 24 months)

EX32

Exposed kept in oven at 30°C
(excavated after 24 months)

EX33

Exposed kept out of oven at
ambient temperature ~21°C
(excavated after 24 months)

Table 5.1: Details of experimental conditions for each experimental sample.
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5.5.1.1

Material collection

Guano
Bat guano was collected from the largest known horseshoe bat colony in Australia, the location kept
confidential to ensure the safety of the animals (Law, 2018). Two bat colonies are present in the cave
which is formed in quartzose sandstone: a population of ~2000 eastern bentwing bats (Miniopterus
orianae) roost in an unexplored section, while a population of ~16,000 eastern horseshoe bats
(Rhinolophus megaphyllus) roost in a dome-like chamber (Fig. 5.1c).
Samples of guano were taken from the domed chamber containing the eastern horseshoe bat
population, where these deposits covered the floor of the chamber up to at least 30 cm thick. We
sampled the upper extent of the guano deposit to extract fresh material, during which we noted the
presence of a lace monitor (Varanus varius) as well as dead and dying bats and insects within the
guano mound itself (Fig. 5.1d). Loose guano was double-bagged in zip-loc plastic bags and placed in
refrigerated storage until the experiment commenced.
Archaeological analogues
A range of archaeologically significant materials (mammal bone; fish bone; carbonate gravel; clay
aggregates; bamboo; bamboo charcoal) was chosen for the experiment, thought to represent
analogues of the types of artefacts characteristic of hunter-gatherer occupation in Pleistocene
Southeast Asia. Details of collection and preparation are provided in Table 5.2.
5.5.1.2

Excavation

Experiments were half-sectioned and one side was excavated (Fig. 5.1e). The guano layer was
excavated as three separate sub-units: the uppermost section, to ~1 cm depth; the main body of
waterlogged guano to just above the archaeological analogues; and the interface zone between the
sand and guano layers, which contained the archaeological assemblage. Individual sample analogues
were removed and placed in individual containers and the sediment surrounding them was
subsampled for further analysis before samples were cleaned using deionised water.
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Material

Source

Preparation

Mammal bone (pig rib)

Purchased from local butcher.

Ribs were cooked on a gas barbecue,
before flesh was eaten. The bones were
washed with tap water to remove any
remaining flesh and left to air dry, before
being stored in an air-tight plastic bag in a
refrigerator until the experiment
commenced.

Fish bone (salmonid vertebra)

Purchased from local fishmonger.

Salmon vertebrae were bought as spines
from a local fishmonger’s shop. These
were boiled for 1 hr to remove flesh
surrounding the vertebrae, which were
then air dried and stored in an air-tight
plastic bag in a refrigerator until the
experiment commenced.

Bamboo (fresh, fragment)

Bamboo (Phyllostachys nigra) was
collected from Wollongong Botanic
Gardens.

Bamboo was cut and air dried.

Charcoal (from combustion of bamboo)

As above.

Fragments of bamboo were heated to
300°C for 1 hr to create charcoal
fragments.

Carbonate (limestone) gravel

Limestone gravel (maximum
measurement ~20 mm) was bought from
Dapto Super Soils.

NA

Clay aggregate

Clay aggregates were excavated from a
well-developed, clay-rich b-horizon of a
soil formed in a colluvial environment on
the east-facing slope of Mount Keira, NSW
(coordinates -34.404995, 150.864303).

NA

Table 5.2: Details of modern analogues of archaeological materials that were incorporated into the experiment.
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5.5.1.3

Analytical techniques

A range of analyses were carried out on each successive excavated sample. These were designed to
characterise the changing sedimentary environments and alterations affecting buried material as a
time-series dataset.
Micromorphology
After half-sectioning, the intact side of each experimental sample was soaked in acetone to negate
the hydrophobic properties of the guano, before being air-dried and soaked in polyester resin diluted
with styrene. After the resin was cured the samples were cut into wafers, exposing a surface along
the line indicated during their original preparation (Fig. 5.1a). Wafers from samples selected at sixmonth intervals (EX6, EX12, EX18 and EX24) were sent to Spectrum Petrographics in the US for thinsection manufacture. Thin-sections were scanned in a flatbed scanner (Fig. 9.1; after Arpin et al.,
2002) and analysed using polarising microscopes at a range of magnifications (8 × to 200 ×).
Descriptions of micromorphological features follow Stoops (2003).
Sedimentology
Calibrated Hanna testers were used to constrain pH, electrical conductivity (EC) and an uncalibrated
tester was used to record redox potential (ORP) of emulsions prepared from 1 part freshly excavated
sediment and 3 parts deionised water, following Boreham et al. (2011).
Loss-on-ignition (LOI)
Following Smidt and Lechner (2005), sediment samples were placed within weighed crucibles and
then weighed again. Samples were then heated to 105°C for 8 hr to drive off any moisture and then
weighed again. Samples and crucibles were then heated to 350°C, 450°C, 550°C and 1050°C for 8 hr
each and the difference in weight was recorded between each step.
Structural chemistry (Fourier-transform infrared spectroscopy, FTIR)
Subsamples of guano, wood, charcoal, pig rib and fish vertebrae were ground for 30 s using a mortar
and pestle and mid-FTIR spectra were generated using a Bruker Alpha FTIR spectrometer. Ground
samples were placed in a diamond ATR (attenuated total reflection) cell and 64 scans were signalaveraged in each interferogram at 4 cm-1 resolution.
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For all bone samples infrared splitting factor (IRSF) was calculated following Weiner and Bar Yosef
(1990), providing a measure of crystallinity. Proportions of carbonate to phosphate within bone
mineral were calculated using methods outlined in Dal Sasso et al. (2018).
Targeted geochemical analysis (scanning electron microscopy, SEM)
SEM analyses were carried out on the flat surfaces of the wafers left over from thin-section
manufacture. These samples were sputter coated in carbon to avoid charging effects and a Phenom
XL electron microscope was used to carry out both back-scanning electron microscopy (BSEM) and
electron microscopy-energy dispersive spectroscopy (SEM-EDS). Data were collected at a working
distance of 6 mm, with an operating voltage of 15 Kv.

5.6 Results
A summary of the experimental results is presented below and in Tables 5.3–5. Expanded written
results (Sections 9.1–4), Figs 9.1–15 and Tables 9.1–4 can be found in Appendix 2. Details of SEM-EDS
spot analyses are provided in Appendix 3.
5.6.1

Sedimentology and environmental parameters of waterlogged guano (EX1–24)

When added, water wicked through the sample to form a spongey, colloidal mass over the course of
the first 24 hr. The sand layer was rapidly stained black (Fig. 5.1e) and the experiment produced a
strong smell that changed from an acrid, ammonia odour when the guano was fresh to a sulphurous
(rotten-egg) aroma upon waterlogging and heating. This aroma became reduced in intensity
markedly from around month 16, even from individual samples when opened. The sand layer was
visibly less blackened in EX20–24, but LOI results indicated the samples were still waterlogged. Upon
drying, excavated samples of guano were subject to precipitation of white and yellow crystals on
their exterior, which were particularly pronounced on EX16 (Fig. 9.2a–d).
Alkaline and very reducing environments developed within the samples from EX1 onwards (Fig.
9.2e,f), remaining stable throughout EX3–24. Measured EC showed an upward trend over time (Fig.
9.2g) and nine readings were above the device’s limit of detection (>20 mS).
%LOI values from the guano layer indicate a moderate increase in %LOI 350°C and %LOI 450°C (Fig.
9.2h,i), while %LOI 550°C values decreased slightly as the experiment progressed (Fig. 9.2j). %LOI
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Figure 5.2 (previous page): (a) Photomicrograph of exterior surface of mammal bone (EX0); (b) Photomicrograph of exterior
surface of mammal bone. Note discolouration and surface pitting (EX1); (c) Photomicrograph of saw-cut mammal bone
(EX0); (d) Photomicrograph of saw-cut mammal bone. Red arrows marks blackened areas of degraded bone proceeding
from exterior surface and marrow cavity (EX1); (e) Photomicrograph of fish vertebra. Red arrows mark translucent
collagenous material (EX0); (f) Photomicrograph of fish vertebra (EX0); (g) Photomicrograph of fish vertebra. Red arrows
mark exposed bone mineral where collagenous material has been removed (EX1); (h) Photomicrograph of fish vertebra.
Red arrow marks blackened area (EX1); (i) Microphotograph showing bamboo charcoal. Note glossy surface (EX0); (j)
Microphotograph showing bamboo charcoal. Red arrows mark ash crystals on surface (EX0); (k) Microphotograph showing
bamboo charcoal. Red arrows mark potential biofilm adhered to surface, blue arrows mark discoloured woody sections
(EX24); (l) Microphotograph showing bamboo charcoal. Red arrows mark guano on surface after rinsing with water (EX24);
(m) Photomicrograph of bamboo fragment (EX0); (n) Photomicrograph of bamboo surface (EX0); (o) Photomicrograph of
bamboo fragment (EX24); (p) Photomicrograph of bamboo surface. Note discolouration relative to panel n (EX24); (q)
Photomicrograph of carbonate gravel, red arrows mark sharp boundary of Fe/Mn oxide precipitation that has occurred in
the portion of gravel that protruded into the waterlogged guano (EX3); (r) Photomicrograph of carbonate gravel. Red
arrows mark sharp boundary of a zone of authigenic mineral formation which protruded into the waterlogged guano
deposit (EX5); (s) Photomicrograph of carbonate gravel. Red arrow marks guano welded to the carbonate rock by authigenic
minerals formed on upwards-facing surface. White arrows mark banded concentration of Fe/Mn oxides precipitated at
stratigraphic boundary between underlying sand and overlying guano deposits. Blue arrows mark irregular pattern of
alteration to authigenic mineral across carbonate rock surface (EX16); (t) Photomicrograph of carbonate gravel showing
brownish authigenic mineral precipitation associated with guano across surface (EX2).
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Burial time

Changes observed in
guano and sand

Changes observed in
pig rib

Changes observed in
fish vertebra

Changes observed in
bamboo

Changes observed in
charcoal

Changes observed in
carbonate gravel

General notes

1 month

Guano has colloidal
texture and evidence of
mould on top. Strong
faecal smell. Alkaline
and reducing
conditions were
recorded. Sand stained
black.

Exterior of pig rib
stained blackish brown
and extensively pitted.
Sectioning indicates
alterations are
proceeding from
exterior inwards and
also from marrow
cavity.

Complete removal of
collagenous material
from exterior.
Blackening of surface.
Neural spines snapped
off during excavation.

No alterations noted.

No alterations noted.

Limited areas of
brownish
discolouration (<2% of
surface) on upwards
facing parts of
carbonate gravel.

Rapid development of
a reducing and alkaline
environment.
Diagenesis of
biominerals occurred
within one month.
Little change observed
affecting bamboo,
charcoal or carbonate
gravel.

3 months

Guano has colloidal
texture and evidence of
mould on top. Strong
faecal smell. Alkaline
and extremely reducing
conditions were
recorded. Sand stained
black.

Exterior of pig rib
stained blackish brown
and extensively pitted.
Sectioning indicates
alterations are
proceeding from
exterior surface,
marrow cavity and
bone structural
elements such as
lamellae and osteons.

Complete removal of
collagenous material
from exterior.
Blackening of surface.
Neural spines snapped
off during excavation.

No alterations noted.

No alterations noted.

Oxide precipitation
across entire surface of
carbonate gravel that
protruded into guano,
with sharply defined
boundary with sand
layer. Sand grains are
welded into oxides at
this boundary.

Burial environment has
become even more
extremely reducing.
Bioerosion of pig rib is
proceeding rapidly.
Difficult to assess the
extent of change
affecting buried fish
vertebra, bamboo or
charcoal based on
visual inspection.
Surface of carbonate
gravel forms redox
surface for oxide
precipitation.

6 months

Guano has colloidal
texture and evidence of
mould on top. Strong
faecal smell. Alkaline
and extremely reducing
conditions were
recorded. Sand stained
black.

Exterior of pig rib
stained blackish brown
and extensively pitted.
Sectioning indicates
alterations are
proceeding from
exterior surface,
marrow cavity and
bone structural
elements such as
lamellae and osteons.

Complete removal of
collagenous material
from exterior.
Blackening of surface.
Neural spines snapped
off during excavation.

Slight discolouration
and limited peeling of
outer layers.

No alterations noted.

Patchy brownish
coating (~20%)
associated with upper
surface of carbonate
gravel which protruded
into guano deposit

Burial environment has
become relatively
stable at ~pH 9 and 300 mV. Progressive
bioerosion of pig rib is
evident. Difficult to
assess the extent of
change affecting buried
fish vertebra, bamboo
or charcoal based on
visual inspection.
Discolouration of
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carbonate gravel’s
upper surface may
indicate either mineral
neoformation or
accumulation of
transported fines.
12 months

Guano has colloidal
texture and evidence of
mould on top. Strong
faecal smell. Alkaline
and extremely reducing
conditions were
recorded. Sand stained
black.

Exterior of pig rib
stained blackish brown
and extensively pitted.
Sectioning indicates
alterations are
proceeding from
exterior surface,
marrow cavity and
bone structural
elements such as
lamellae and osteons.

Complete removal of
collagenous material
from exterior.
Blackening of surface.
Neural spines snapped
off during excavation.

Discolouration and
limited peeling of outer
layers.

No alteration observed.

Variably well-expressed
brownish coating of
upper extent of
carbonate gravel.

Burial environment has
become relatively
stable at ~pH 9 and 300 mV. Progressive
bioerosion of pig rib is
evident. Difficult to
assess the extent of
change affecting buried
fish vertebra, bamboo
or charcoal based on
visual inspection.
Discolouration of
carbonate gravel’s
upper surface may
indicate either mineral
neoformation or
accumulation of
transported fines.

18 months

Guano retains colloidal
texture but no
evidence of mould on
top. Faecal smell is
much less pronounced.
Alkaline and extremely
reducing conditions
were recorded. Sand
stained black.

Exterior of pig rib
stained blackish brown
and extensively pitted.
Sectioning indicates
alterations are
proceeding from
exterior surface,
marrow cavity and
bone structural
elements such as
lamellae and osteons.

Complete removal of
collagenous material
from exterior.
Blackening of surface.
Neural spines snapped
off during excavation.

Discolouration and
limited peeling of outer
layers.

No alteration observed.

Well-expressed
brownish coating of
most of upper surface,
variable on underside.
Areas of carbonate
visible underneath
coating in some areas.

Change in smell may
indicate chemical
change in burial
environment. In
general diagenetic
changes progress as in
previous samples.
Visual evidence
suggests that brown
coating on carbonate
gravel is precipitated
authigenic mineral.

24 months

Guano retains colloidal
texture but no
evidence of mould on
top. Faecal smell is

Exterior of pig rib
stained blackish brown
and extensively pitted.
Sectioning indicates

Complete removal of
collagenous material
from exterior.
Blackening of surface.

Discolouration and
limited peeling of outer
layers.

Discolouration of
woody parts. Some

Well-expressed
brownish coating

Diagenetic changes
progress as in previous
samples. Visible change
in sedimentary
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much less pronounced.
Alkaline and extremely
reducing conditions
were recorded. Sand
was not stained black.
LOI indicates sample
was still waterlogged
but some moisture had
escaped.

alterations are
proceeding from
exterior surface,
marrow cavity and
bone structural
elements such as
lamellae and osteons.

Neural spines snapped
off during excavation.

Table 5.3: Summary of results based on excavation and inspection of materials from samples EX1–24.
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organic material
adhering to exterior.

across entire surface of
carbonate gravel.

environment is likely to
indicate some loss of
moisture, however, it
may relate to
mineralogical changes
in burial environment
as well or instead.

Thin section

Guano

Sand

Pig rib

Fish vertebra

Clay aggregate

Bamboo

Charcoal

Carbonate gravel

Notes

GE-EX6

Chaotic
arrangement of
fibrous to
amorphous
organic matter
incorporating
insect remains,
mineral grains
and rare bone
fragments.
Microcrystals
present
throughout.

Mix of sand-sized
clasts.
Predominantly
quartz, with
feldspar,
carbonates and
phosphatic
aggregates as
minor inclusions.

Solution
features and
discolouration of
outer surface.
Evidence of
mineral
neoformation
associated with
guano contact.
Undifferentiated
in XPL.

Appearing dull
reddish-brown in
PPL,
undifferentiated
with dull red
interference
colours in XPL.
Colourless,
birefringent
crystals associated
with exterior
surface.

Extensive cracking.
Optical properties
typical of dusty
clays, with
charcoal, organic
punctuations and
quartz sand
inclusions. Weakly
expressed
depletion
hypocoating on
exterior. Patchy
discolouration
indicates Fe/Mn
staining.

Well-preserved
cellular structure.
Some evidence of
decay on interior
surface.

Well-preserved
cellular structure
with no evidence
of infilling of
pores, or damage
from shrink/swell
processes.

Isotropic
hypocoatings and
isotropic
pseudomorphs of
carbonate crystals
associated with
guano. Quartz
sand welded to
surface by
authigenic mineral
hypocoating.

Alterations
affect buried
carbonates and
biominerals
rapidly.
Alteration
features
affecting bone
are unusual.

As above.

Similar to above,
but with a larger
and more
pronounced
zone of
discolouration
and dissolution.
Silt-sized,
birefringent
mineral grains
are present
within
dissolution
features.

No fish vertebra
was visible in thin
section sample
GE-EX12.

Similar to above,
micritic to sparitic
calcite grains
precipitated on
exterior surface.

Well-preserved,
retaining
epidermis.
Moderate
brownish
discolouration
and some dulling
of interference
colours in XPL.
Fracture noted
and attributed to
manufacture. No
evidence of
association
between decay
and guano.

Fracturing related
to wetting and
drying. Cellular
structure is
degraded and
internal pores are
infilled with
reddish material.

Weakly expressed
phosphatic
reaction rim,
associated with
oxide
precipitation.
Coating of guano
~1 mm thick is
associated with
alteration features
on the upper
surface.

Sediment
matrix appears
less porous and
darker in
colour.
Charcoal
alterations
similar to those
occurring in ash
deposits
(Huisman et al.
2012).
Carbonates and
biominerals
altered further.

As above.

Severe
diagenetic
changes
associated with
dissolution and
discolouration of
the pig rib.

Fracturing and
cracking with
reddish brown
discolouration and
reddish
interference
colours in XPL.

Similar to above.

Brownish
discolouration
and changes to
interference
colours in XPL.
Pores in vascular
bundles appear to

Fracturing related
to wetting and
drying. Cellular
structure is
degraded and
internal pores are

Phosphatic
reaction rim with
isotropic
pseudmomorphs
of carbonate
crystals. Linear
alterations to

Spatially
differentiated
alterations
affecting
biominerals,
apparently
related to

Porosity 70%.
GE-EX12

As above.
Reduction in
porosity to ~60%
and blackening of
organic matter,
compared to EX6.

GE-EX18

As above.
Reduction in
porosity to ~50%
with further
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blackening of
organic matter.

GE-EX24

As above.
Reduction in
porosity to ~40%
with further
blackening of
organic matter.

As above.

Alteration
features are
distinct on each
side, side closer
to the clay
aggregate shows
pronounced
reddening and
exfoliation-like
weathering
pattern. On the
opposite side
reddening is
less-pronounced
and weathering
pattern is
irregular.

Subtle differences
between sides,
weakly expressed
birefringent
hypocoating near
clay aggregate.
Towards pig rib a
hypocoating with
different optical
properties,
including Fe/Mn
precipitation.

Severe
diagenetic
alteration,
extensive
cracking and
discolouration to
reddish brown.
Hypocoatings,
quasicoatings
follow lamellar
planes. Pores
appear ragged
and degraded,
birefringent
minerals
precipitated
within pores and
dissolution
features.

Similar to
alterations
observed in GEEX18, but more
pronounced.
Exfoliation
towards clay
aggregate,
associated with
birefringent
hypocoating and
blackening of
bone mineral.
Depletion
hypocoating
towards pig rib
with some
evidence of fine
silt-sized
birefringent
mineral grains
precipitated
within bone
mineral matrix.

Similar to above.
Slight
disintegration at
surface associated
with guano
fragments.
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be infilled with
brownish,
birefringent
material.

infilled with
reddish material.

isotropic minerals.
proceeding along
interstitial spaces.

proximity to
clay aggregate
and other
materials.

Bamboo was not
observed in thinsection sample
GE-EX18.

Fracturing related
to wetting and
drying. Wellpreserved cellular
structure with no
evidence of
infilling.

Well-developed
phosphatic
reaction rim with
more developed
linear alteration
features than
previous samples.

The extent of
diagenetic
change
affecting
biominerals and
carbonates is
unexpected,
considering
environmental
parameters.
Observed
features are
unusual and
extremely
pronounced.
Organic
materials are
relatively wellpreserved.

Table 5.4: (previous page): Summary results of thin-section analyses.
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Sample

Conditions

Pig rib notes

Fish vertebra notes

Clay aggregate
notes

Bamboo notes

Charcoal notes

Carbonate gravel
notes

General notes

EX 25

Dry guano kept in
oven.

Some areas display
good preservation.
Substantial area of
blackening and
decomposition.
White powdery
deposits on surface.

External collagenous
material preserved
but discoloured.
Evidence of limited
fungal growth.

No alteration
noted.

Well-preserved,
limited evidence of
surface peeling and
mould.

Well-preserved,
including ash.

No alteration
noted.

Evidence of organic
decay and limited
fungal attack
affecting
biominerals.
Potential
association with
authigenic mineral
formation.

EX 26

Dry guano kept out of
oven.

Fungal growth
affecting most of
surface. White
powdery deposits
on surface.

Fungal growth
covering majority of
surface.

No alteration
noted.

Mould, surface
peeling and
discolouration.

No alteration
noted.

Limited areas of
brownish
discolouration/
sediment
adherence on
upper surface.

Evidence for fungal
attack and
potential
association with
authigenic mineral
formation.

EX 27

Wet guano kept out
of oven.

Some similarity to
EX1–24. Areas of
preserved outer
surface with visible
exfoliation-like
weathering taking
place.

Similar alteration to
EX1–24, all
collagenous material
has been removed.

Not recovered.

Well-preserved, little
evidence of peeling
or discolouration.

Significant warping
and fracture.

Weakly expressed
brownish
discolouration of
upper surface.

Evidence for
significant
diagenetic change
affecting
biominerals and
carbonates, but
much less than
EX1–24.

EX 28

Dry sand kept in
oven.

Fungus/mould
across surface, areas
of reddish brown
and black
discolouration may
indicate oxide
precipitation.

Fungus/mould across
surface, areas of
reddish brown and
black discolouration.
Sand grains attached.

No alteration
noted.

No alteration noted.

No alteration
noted.

No alteration
noted.

Evidence for fungal
attack and
potential
association with
authigenic mineral
formation.

EX 29

Dry sand kept out of
oven.

Some areas of
mould on bone
surface. Generally

Fungal hyphae,
cracking and
exfoliation. Powdery

No alteration
noted.

Patches of black
mould across
surface. Limited

No alteration
noted.

No alteration
noted.

Extensive evidence
for fungal attack
effecting

178

well-preserved,
slightly discoloured.

white deposits on
surface.

evidence of exterior
surface peeling.

biominerals and
bamboo fragment.

EX 30

Wet sand kept in
oven.

Buff-brown in
colour, slight pitting
of surface.

Greyish to buffbrown in colour. All
collagenous material
removed.

Colour change to
greyish brown.

Peeling surface,
extensive blackening
from mould.

Peeling and
bubbling on
surface. May be
related to
manufacture.

Patchy black and
orange oxide
staining.

Organic decay and
oxide precipitation
in reduced
environment.

EX 31

Wet sand kept out of
oven.

Creamy-yellow
colour, slight pitting
of surface.

Buff-tan to pinkish
colour change.
Complete removal of
collagenous material.

Colour change to
greyish brown.

Peeling surface,
blackening from
mould.

No alteration
noted.

No alteration
observed.

Limited diagenetic
changes associated
with organic decay.

EX 32

Exposed kept in oven.

No alteration noted.

Reddening of
collagenous material.

No alteration
noted.

No alteration noted.

No alteration
noted.

No alteration
noted.

Exceptional
preservation
typical of arid
environments.

EX 33

Exposed kept out of
oven.

Completely
obscured by fungal
hyphae.

Completely obscured
by fungal hyphae.

No alteration
noted.

Black mould spots.

No alteration
noted.

No alteration
noted.

Fungal attack is
main postdepositional
process, restricted
to biominerals and
bamboo fragment.

Table 5.5: Summary of results from excavation of control samples EX25–33.
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1050°C values were varied (Fig. 9.2k). %LOI values from the sand layer show a general increase in organic
content over time (Fig. 9.2l–n), while %LOI 1050°C decreased slightly over time (Fig. 9.2o).
5.6.2

Observations from excavated samples (EX1–24)

Faunal remains
Pronounced discolouration of mammal bone was observed from EX1 onwards. The smooth outer surface of
pre-experiment samples (Fig. 5.2a) was destroyed after one month (Fig. 5.2b) and saw-cut cross-sections
reveal progressive patterns of bone degradation, proceeding inwards from the exterior surface (Fig. 5.2c,d),
sometimes following paths provided by bone structural features (Fig. 9.3g). Fish bones from EX1–24 were
blackened and had lost the collagenous material from their exterior (Fig. 5.2e–h). Their fragility prevented
saw-cut half-sectioning and the similarity of changes affecting this material rendered visual assessment of
progressive diagenetic change impossible (Fig. 9.4c–h; Table 5.3).
Organic materials
Pre-experimental charcoal fragments were charred to varying extents. Some were partially converted to
ash, others retained their original ‘woody’ composition. Those parts that were charred were glossy and had
crystalline deposits on their surface (Fig. 5.2i,j). No ash or other crystalline deposits were observed in
charcoal fragments excavated from EX1–24, but there was very little evidence for other post-depositional
changes (Fig. 5.2k,l).
Pre-experimental bamboo fragments were yellowish in colour, with a matte surface (Fig. 5.2m,n). Changes
observed after burial were limited to brownish staining and discolouration, with an apparent peeling of the
epidermis (Fig. 5.2o,p).
Mineral materials
Pre-experiment clay aggregates were orange-red, soft and pliable. Clay aggregates were not recovered from
EX1–24 through excavation.
Pre-experiment carbonate gravel was whitish grey in colour and in sample EX1 there was evidence for slight
discolouration affecting <2% of the surface. Carbonate gravel from EX3 was coated in Fe/ Mn oxides where

180

181

Figure 5.3 (previous page): (a) Photomicrograph of guano in thin section, showing chaotic arrangement of fibrous organic matter.
Waterlogged for six months (EX6, PPL); (b) As in panel a, blue arrow marks bone fragment, yellow arrows mark probable
leucophosphite spherulites forming around pores (EX6, XPL); (c) Photomicrograph of guano in thin-section, showing chaotic
arrangement of fibrous organic matter (EX24, PPL); (d) As in panel c (EX24, XPL); (e) Photomicrograph of mammal bone in thinsection, showing association between fibrous guano, marked by yellow arrows, and the exterior surface, marked by white arrows.
Red arrows mark greyish microcrystalline aggregates within dissolution features (EX6, PPL); (f) Photomicrograph of mammal bone in
thin-section, showing dissolution features associated with surface alteration. Red arrows mark hypocoatings associated with
deforming bone structural features. White arrow marks fibrous guano (EX12, PPL); (g) Photomicrograph of mammal bone in thinsection, showing area of bone closest to buried fish vertebra and clay aggregate. Red arrows mark hypocoatings/quasicoatings that
are associated with deforming lamellae (EX18, PPL); (h) Photomicrograph of mammal bone in thin-section, showing side of bone
furthest from buried fish vertebra and clay aggregate. White arrow marks reddish reaction rim, red arrows mark deformed pores
(EX18, PPL); (i) Photomicrograph of fish vertebra in thin-section. Red arrow marks guano associated with the surface (EX6, XPL); (j)
Photomicrograph of fish vertebra in thin-section, taken from side closest to clay aggregate. White arrows mark weakly expressed
hypocoating, red arrow marks clay aggregate and blue arrows mark fibrous guano (EX18, XPL); (k) Photomicrograph of fish vertebra
in thin-section, marked with white arrows. Red arrows mark fibrous guano, blue arrows mark area of pronounced surface alteration,
possibly a depletion hypocoating (EX24, PPL); (l) As in panel k, note pronounced difference in optical properties associated with
zone of surface alteration marked by blue arrows (EX24, XPL); (m) Photomicrograph of bamboo charcoal in thin section (EX6, PPL);
(n) Photomicrograph of bamboo charcoal in thin-section. Red arrows mark reddish-brown infills of pores (EX12, PPL); (o)
Photomicrograph of bamboo charcoal in thin-section (EX18, PPL); (p) Photomicrograph of bamboo charcoal in thin-section (EX24,
PPL); (q) Photomicrograph of bamboo in thin-section (EX6, PPL); (r) Photomicrograph of bamboo in thin-section. Red arrows mark
examples of vascular bundles (EX6, XPL); (s) Photomicrograph of bamboo. Yellow arrows mark where pores in vascular bundles are
infilled with brownish, birefringent material (EX18, PPL); (t) As in panel s (EX18, XPL); (u) Photomicrograph of clay aggregate in thinsection, marked by yellow arrows. Blue arrow marks fish vertebra (EX6, PPL); (v) Photomicrograph of clay aggregate in thin-section.
Yellow dashed line marks extent of weakly expressed Fe/Al depletion hypocoating (EX6, XPL); (w) Photomicrograph of clay aggregate
in thin-section. Yellow arrows mark micritic to sparitic calcite precipitated on exterior surface (EX12, XPL); (x) Photomicrograph of
clay aggregate in thin-section. Yellow arrows mark fragments of amorphous guano associated with weathering surface of clay
aggregate. Blue arrow marks potential neoforming mineral associated with disintegrating clay and amorphous guano (EX24, PPL);
(y) Photomicrograph of carbonate gravel in thin-section. Red arrow marks area of carbonate dissolution associated with amorphous
guano (EX6, PPL); (z) Photomicrograph of carbonate gravel in thin-section. White arrows mark authigenic mineral pseudomorphs of
carbonate crystals (EX18, PPL); (aa) As in panel z (EX18, XPL); (bb) Photomicrograph of carbonate gravel in thin-section, showing
varied patterns of alteration and mineral replacement. Red arrows mark authigenic mineral pseudomorphs of carbonate crystals,
blue arrows mark linear alterations following interstitial space between crystals (EX24, PPL). PPL, plane-polarised light, XPL, crosspolarised light.
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it protruded into the guano layer, with a clear boundary formed at the interface with the sand deposit (Fig.
5.2q).
In sample EX5 a dark brown mineral coating was associated with the upper surface of the carbonate gravel
and associated guano remained adhered after washing (Fig. 5.2r). Carbonate rock from EX16 was capped by
a deposit of guano (Fig. 5.2s) and its upper surface was subject to irregular, linear alterations. Carbonate
gravel from EX24 was entirely coated with a yellowish-brown mineral and fine guano (Fig. 5.2t).
5.6.3

Thin-section micromorphology (EX1–24)

Sediments in thin-section
Guano observed in thin-section is arranged in a chaotic, fibrous fabric, with frequent fragments of insect
remains and occasional sand-sized bone fragments distributed throughout (Fig. 5.3a,b). Whitish
microcrystals (<50 μm) with gypsum-like extinction patterns are a frequent, minor groundmass component
(<2%) in all experimental samples.
As the experiment progressed the fibrous organic component of the guano attained a darker colouration,
with greyish to brown/black colours observed in plane-polarised light (PPL) and little change to interference
colours in cross-polarised light (XPL) (Fig. 5.3c,d). A gradual reduction in porosity was noted from ~70%
(EX6) to 40% (EX24).
Thin-section analysis of the sand layer reveals a variety of materials, including carbonate biominerals,
phosphatic aggregates and diverse, sand-sized silicate grains, present in all samples.
Faunal remains
After 6 months, bone appeared undifferentiated in XPL, with reddish discolouration of bone surface where
it is in contact with guano (Fig. 5.3e). Pores near the surface were deformed and associated with
microcrystalline aggregates. After 12 months, more pronounced features were observed (Fig. 5.3f). The
surface zone of discoloured, dissolved and deformed bone was larger, penetrating ~1 mm towards the
centre. Silt-sized birefringent mineral grains were precipitated within cavities, grading towards the surface
of the bone and on the interior surface the bone mineral was coated with crystalline aggregates (Fig. 9.6n–
p).
After 18 months, the portion of the mammal bone side closest to the fish vertebra and clay aggregate was
very discoloured and disintegrating/exfoliating along lamellar layers (Fig. 5.3g). The side facing away from
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the fish vertebra was less discoloured, while the disintegration pattern was more irregular and associated
with crystalline microaggregates (Fig. 5.3h). After 24 months, the bone was discoloured to brownish-red
throughout, with banded isotropic hypocoatings/quasicoatings visible throughout the cortical bone (Fig.
9.6v–bb).
After 6 months, the fish bone was stained reddish-brown and largely undifferentiated in XPL with silt-sized
crystals associated with some bone surfaces (Fig. 5.3i). After 18 months, the fish vertebra displayed subtle
differences in alteration features between its two sides. Towards the clay aggregate a weakly expressed
reaction rim was associated with disintegrating clay aggregates, guano fragments and <10 μm
microcrystalline aggregates (Fig. 5.3j). Towards the mammal bone the fish vertebra appeared a darker red in
colour and its exterior surface was associated with a thin reaction rim with reddish pink interference colours
(Fig. 9.7i,j). After 24 months, the exterior surface of the fish vertebra facing the clay aggregate was
exfoliating and associated with a weakly expressed mineral hypocoating with orange/red interference
colours. The side of the bone facing the pig rib was apparently associated with a depletion hypocoating,
while in XPL a birefringent mineral hypocoating and microcrystalline void infills are apparent (Fig. 5.3k,l).
Organic materials
After 6 months, the internal, cellular structure of charcoal was well preserved (Fig. 5.3m). After 12 months,
charcoal in thin-section appears less well ordered. Internal, structural features are deformed and pores,
including vascular bundles are infilled with reddish-brown, isotropic material (Fig. 5.3n). After 18 months,
similar reddish-brown infillings are visible, but not as common or well-developed as in EX12 (Fig. 5.3o).
After 24 months, charcoal in thin section is extensively torn and deformed, but internal pores are free from
infilling (Fig. 5.3p).
Decomposition and decay had a limited effect on buried bamboo fragments after 6 months, and structural
features were well-preserved (Fig. 5.3q,r). After 18 months, the bamboo was discoloured to greenish-brown
with dull green interference colours in XPL (Fig. 5.3s,t). Vascular bundles appear less ordered than in
previous samples, and voids are infilled with material. Bamboo was not recovered in thin-section EX24.
Mineral materials
After 6 months, a weakly expressed depletion hypocoating was visible at the clay aggregates’ outer surfaces
(Fig. 5.3u,v). After 12 months, optical properties were similar, but a coating of micritic calcite was visible
(Fig. 5.3w), precipitated on the aggregates’ exterior. After 24 months, the exterior surface of the clay is
disintegrating and this weathering is associated with fine guano and microcrystalline aggregates (Fig. 5.3x).
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Figure 5.4 (previous page): (a) Electron photomicrograph of mammal bone. Red arrows mark dissolution features associated with
zone of surface alteration. Blue arrows mark pores that have been enlarged and deformed (EX1); (b) Electron photomicrograph of
mammal bone, showing alterations affecting exterior surface closest to clay aggregate. Extensive dissolution and recrystallization is
apparent, blue arrow marks elongate siliceous aggregate within dissolution feature, red arrows mark clay aggregates (EX12); (c)
Electron photomicrograph of mammal bone showing alterations affecting exterior surface furthest from fish vertebra and clay
aggregate (EX18); (d) Electron photomicrograph of fish vertebra. Red arrows mark areas of bone mineral replacement (EX5); (e)
Electron photomicrograph of fish vertebra and clay aggregate. Red arrows mark exterior zone of reduced mineral density in fish
vertebra, blue arrows mark weathered areas at edge of clay aggregate. White arrows mark zone of finely dispersed clays and
phosphates (EX18); (f) Electron photomicrograph of fish vertebra showing side closest to mammal bone. Red arrows mark
concentrations of authigenic sulphate minerals (EX24); (g) Electron photomicrograph of carbonate gravel. Red arrows mark calcium
phosphate surface alteration, blue arrows mark linear alteration of calcite to calcium phosphate (EX1); (h) Electron
photomicrograph of carbonate gravel, yellow dashed line marks boundary between preserved carbonates and authigenic
phosphates. Red arrows mark potentially biomorphic mineral precipitates (EX18); (i) Electron photomicrograph of carbonate gravel.
Yellow dashed line marks approximate boundary between area of carbonate preservation and amorphous calcium phosphate
reaction rim. Areas enclosed by red dashed lines have been replaced by siliceous and phosphatic minerals or mineraloids. Red
arrows mark quartz/silicate mineral sand (EX24).
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After 6 months, surface dissolution of carbonate gravel was weakly developed, associated with guano and
isotropic mineral replacement (Fig. 5.3y). After 12 months, weakly expressed reaction rims were associated
with a coating of guano, ~1 mm thick on the upper surface. After 18 months, the upper surface of the
carbonate gravel shows reprecipitation around the entire exterior and isotropic mineral pseudomorphs of
carbonate crystals are visible (Fig. 5.3z). Irregular and linear alterations are also progressing along joins
between carbonate crystals. After 24 months, carbonate gravel displays a well-developed, isotropic reaction
rim with linear/irregular alteration features that are more frequent and better developed than in previous
samples (Fig. 5.3aa,bb).
5.6.4

Targeted mineralogical and geochemical characterisation of buried materials

Faunal remains
BSEM of mammal bone from sample EX1 reveals an exfoliation-like weathering pattern (Fig. 5.4a) and in
sample EX3 a similar pattern is observed, with bone destruction following lamellae to form parallel
solution/degradation features. Pores are enlarged and deformed throughout the analysed area. BSEM of
sample EX5 indicates a zone of mineral density reduction at the bone surface. Electron-dense areas within
that zone appear to be siliceous secondary minerals, but they also appear similar to clastic quartz grains
surrounding the bone (Fig. 9.10c; Appendix 3 Section 10.1). In sample EX12 further development of
dissolution/degradation features in mammal bone is apparent, with siliceous materials within enlarged
voids (Fig. 5.4b).
In mammal bone from sample EX18, distinct zones of alteration correspond to those observed in thinsection analysis (Section 5.6.3). Towards the fish vertebra and clay aggregate, dissolution features follow the
boundaries between lamellae and bone mineral is subject to recrystallisation (Fig. 9.11a). The other side of
the bone in sample EX18 is affected by spatially-varied reduction in mineral density, but there is little
apparent relationship between the bone mineral degradation observed in this area and the bone’s
structural features (Fig. 5.4c). Patterns of alteration observed in mammal bone from EX24 are similar, but
more pronounced (Fig. 9.11e,f).
BSEM of fish vertebrae from EX3 revealed complex surface alterations comprising both mineral depletion
and recrystallisation. In the section of the fish vertebra near the clay aggregate from sample EX5 bone
mineral has been replaced with secondary minerals that incorporate Al, Si and K (Fig. 5.4d). In sample EX18,
where the clay aggregate and the fish vertebra can be observed together a zone of fish vertebra
demineralisation associated with Ca depletion and Si and Al substitution into the bone mineral can be
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observed (Fig. 5.4e), while between the clay aggregate and the bone is a zone of finely dispersed
aluminosilicates and phosphate minerals. In sample EX24 recrystallisation is extensive and spatially varied.
The side of the fish vertebra that is closest to the pig rib is replaced with gypsum crystals (Fig. 5.4f), which
infill internal voids and form pseudmorphs of recrystallised bone mineral aggregates. The side of the
vertebra facing the clay aggregate also shows evidence for extensive dissolution and recrystallisation of
bone mineral, and SEM-EDS indicates varied concentrations of Si within some neoformed crystals (Fig.
9.13a,b).
Mineral materials
BSEM analysis of carbonate gravel from EX1 reveals incipient calcium phosphate hypocoatings, with linear
alterations proceeding along planes of weakness between crystals (Fig. 5.4g). Throughout all following
samples phosphatic reaction rims develop alongside less-well-developed secondary minerals containing Si,
P and Ca with transition metals (Fig. 9.14e–h,m–p). In EX18 the calcium phosphate reaction rim is ~500 μm
thick and is associated with biomorphic mineral precipitates (Fig. 5.4h). Patterns of alteration in EX24 are
similar, but the calcium phosphate reaction rim is better developed (Fig. 5.4i).
SEM-EDS analysis of clay aggregates revealed elemental concentrations typical of smectite group clays.
While the surface morphology is somewhat difficult to assess, disintegration of the exterior surface of clay
aggregates is clearly visible after 18 months (Fig. 5.4e), by which point clay minerals are dispersed
throughout the groundmass, dissolving and forming new minerals through interaction with bone mineral.
Organic materials
Organic materials such as charcoal and wood cannot be subject to BSEM or SEM-EDS analysis without
further preparation.
5.6.5

Structural chemical analysis of excavated materials (FTIR)

Guano
FTIR analysis of fresh guano produced spectra dominated by a chitin signal, similar to that published by Kaya
et al. (2014; Table 9.1). As the experiment progressed the intensity of the amide peaks decreased, relative
to peaks assigned to the saccharide rings (Fig. 5.5a). FTIR analysis of the crystals formed on dried guano
samples generated spectra similar to that of potassium sulphate provided by Vahur et al. (2016), with peaks
at 1097 and 615 cm-1. A peak at 615 cm-1 was visible in all spectra from guano samples EX0–24, but became
more intense relative to chitin peaks as the experiment progressed.
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Figure 5.5 (previous page): (a) Selected FTIR-ATR spectra from powdered guano samples, with important peaks and spectral regions
labelled (for detailed peak assignment see Appendix 2 Table 9.1). Spectra are labelled by sample number except spectrum labelled
“Guano crystal,” which was taken from potassium sulphate crystals precipitated on guano excavated from EX11 after drying; (b)
Selected FTIR-ATR spectra from powdered mammal bone samples, with important spectral regions labelled (for detailed peak
assignment see Appendix 2 Table 9.2). Spectra are labelled by sample number; (c) Selected FTIR-ATR spectra from powdered fish
vertebra samples, with important spectral regions labelled (for detailed peak assignment see Appendix 2 Table 9.2). Spectra are
labelled by sample number; (d) Selected FTIR-ATR spectra from charcoal samples, with broad bands labelled following El-Eswed
(2015) and a potassium sulphate peak identified at 615 cm-1. Spectra are labelled by sample number (for detailed peak assignment
see Appendix 2 Table 9.3); (e) Selected FTIR-ATR spectra from wood samples, with prominent peaks labelled (for detailed peak
assignment see Appendix 2 Table 9.4) including a potassium sulphate peak identified at 615 cm-1. Spectra are labelled by sample
number.
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Faunal remains
FTIR analysis of unaltered mammal bone produced a spectrum typical of fresh bone (Fig. 5.5b; Table 9.2;
Morris and Finney, 2004). Analysis of degraded exterior from samples EX1–24 showed the intensity of the
Amide I peak decreasing over time, indicating progressive degradation of the organic fraction (Tatar et al.,
2014). Carbonate-to-phosphate ratios also indicate some increase over time (Fig. 9.16a) and while there is a
slight increase in IRSF values over the course of the experiment, all samples may be considered moderately
crystalline (Fig. 9.16b; Thompson et al., 2013).
FTIR analysis of the fish vertebra from EX0 produced a typical spectrum for fish bone (Fig. 5.5c; Table 9.2).
After one month the Amide I peak was essentially absent. While measured carbonate-to-phosphate ratio
dropped substantially between EX0–1 and then remained reasonably stable over the course of the
experiment (Fig. 9.17a), calculation of IRSF indicated little change in crystallinity from EX0–24 (Fig. 9.17b).
Organic materials
FTIR analysis of charcoal samples from EX0 produced a typical charcoal spectrum (Fig. 5.5d; Table 9.3;
Ascough et al., 2011). A peak at ~615 cm-1 was observed from EX1 onwards, growing in intensity relative to
other peaks as the experiment progressed (Fig. 5.5d).
FTIR analysis of bamboo samples from EX0 produced a typical wood spectrum (Fig. 5.5e; Table 9.4; Shi et
al., 2012). As the experiment progressed the intensity of peaks at 1734 cm-1, 1369 cm-1, 1319 cm-1 and 1246
cm-1 were reduced relative to others, such as those at 1459 cm-1 and 1422 cm-1. A potassium sulphate peak
at 615 cm-1 developed in EX1–24 as the experiment progressed.
Mineral materials
Clay aggregates were not recovered from EX1–24 through excavation. Carbonate rock samples could not be
prepared for FTIR analysis in the same way as the other samples.
5.6.6

Observations from control samples

Observations from control samples are summarised in Table 5.5. Expanded results are presented in Section
9.4 and Fig. 9.18.
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5.7 Discussion
These results show that, while quite distinct from the acidic sedimentary environments that are normally
associated with guano-driven diagenesis (e.g. Karkanas et al., 2000; Shahack-Gross et al., 2004; Karkanas,
2017), alkaline and reducing environments in humid guano deposits can result in intense diagenetic and
taphonomic processes, leaving a characteristic mineralogical signal that is similar to that discovered at
archaeological cave sites in Southeast Asia, including the lowest levels at Con Moong Cave in Vietnam
(McAdams et al., 2020) and in lithofacies 3 at Niah Cave in Borneo (Stephens et al., 2017). These results also
indicate the extent to which the increased temperatures and humidity in the tropics may accelerate the
pace of diagenetic change in the burial environment.
5.7.1

Sedimentary environments in EX1–24: guano under tropical conditions for two years

In samples EX1–24, extremely reducing, alkaline environments developed rapidly and then remained stable,
processes analogous to the genesis of hydric soils (Kirk, 2004; Inglett et al., 2005; Kögel-Knabner et al.,
2010). Organic waterlogged soils are typically acidic (Kirk, 2004: 9), as organic decomposition under
anaerobic conditions promotes acidogenesis. It is possible, therefore, that the pH of the sediments would
drop if a similar experiment was conducted over a longer timeframe. But guano has a high sulphur content
and the change in odour from acrid ammonia to a pungent faecal aroma is an indicator of anaerobic
respiration by sulphate-reducing bacteria (SRB), which produce hydrogen sulphide with its characteristic
‘rotten egg’ smell (O’Donoghue, 1961; Chahl, 2004). Hydrogen sulphide interacts with metal ions in the
burial environment, allowing fine metal sulphides to precipitate and raise the pH of the sediment (Mann et
al., 1990; Heiberg et al., 2012).
Fines and solutes originating from the guano blackened the sand layer within 24 hours. EC values are an
indicator of dissolved salt concentrations (Rhoades, 1996), and together with the potassium sulphate
crystals that precipitated on dried guano as the experiment progressed may be taken as an indicator of
increasing quantities of salts in solution as the experiment progressed. LOI results are equivocal, but FTIR
analysis shows deacetylation was progressively affecting guano in EX1–24 (Fig. 5.5a) and the intensification
of the spectral peak at 615 cm-1 suggests organic decay involved replacement by sulphides, a process
frequently observed in organic remains in marine environments (Sagemann et al., 1999). These compounds
were oxidised to sulphate upon drying.
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5.7.2

Preservation of faunal remains in EX1–24

The relationship between the organic and mineral fractions renders bone resistant to degradation in many
burial environments (Karr and Outram, 2015; Villagran et al., 2017), but in samples EX1–24 pronounced
diagenetic changes affected buried faunal remains after just one month. There are three pathways by which
bone may be degraded in the burial environment (Turner-Walker, 2008):
-Hydrolysis of the collagen;
-Chemical dissolution of the mineral fraction;
-Microbiological degradation of both components simultaneously.
These processes can occur individually or concurrently, and the action of one of these processes may
increase the likelihood of another taking place (Villagran et al., 2017). The variation in diagenetic
trajectories between and within individual samples from EX1–24 suggest multiple agencies were at work
(Table 5.4; Section 5.6.4).
Evidence for hydrolysis of bone collagen in samples EX1–24
Despite the protection of the bone mineral matrix (Turner-Walker, 2008), collagen will inevitably be affected
by slow chemical hydrolysis in the burial environment (Nielsen-Marsh and Hedges, 2000) and this is
accelerated by high temperatures or extremes of pH (Collins et al., 1995).
Chemical hydrolysis converts collagen molecules to smaller peptide units, but continuing association with
the bone mineral limits the diffusion of these fragments out of the bone structure (Turner-Walker, 2008).
Dull-red interference colours observed in thin-section (Fig. 5.3e–h) indicate the presence of humic
compounds (Stolt and Lindbo, 2010), which can accelerate the breakdown and removal of collagen fibrils
(Turner-Walker, 2008). Histological damage from collagen hydrolysis may be visible in BSEM (Turner-Walker,
2008), but those voids are too small (~40–50 nm) to be conclusively identified using the equipment in this
study. However, FTIR analysis suggests that collagen was degraded before bone mineral in both mammal
and fish bone samples (Fig. 5.5b,c).
Evidence for dissolution and reprecipitation of bone mineral in samples EX1–24
The micromorphological features observed in the mammal bone in thin-section appear most similar to
generalised destruction resulting from chemical dissolution, as recorded by Garland (1993). However,
patterns of dissolution are varied, alternatively following paths of weakness created by bone structural
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features (Fig. 5.3f,g) or working directly inwards from the surface (Fig. 5.3h), which suggests multiple
responsible agencies. Dissolution and recrystallisation are often coupled processes (Keenan and Engel,
2017) and authigenic mineral replacement also affects both mammal and fish bone samples.
In thin-section, surface alterations affecting the fish vertebrae appeared less-pronounced than those
affecting the mammal bone, but BSEM analyses revealed mineral density reduction and authigenic mineral
precipitation were extensive (Figs 5.4d–f, 9.12, 9.13). Particularly interesting is the evidence of silica
substitution in recrystallising bone mineral and potential silica-bearing mineral authigenesis around the
internal voids, within the bone mineral matrix and within the enlarged and deformed structural features of
both mammal and fish bone samples. This evidence suggests that silica was mobile in the burial
environment, precipitating out of solution as a range of non-stochiometric minerals. But this unexpected
finding requires further investigation, using a range of additional techniques, to exclude the possibility that
the features observed are translocated or infiltrated clays. Cathodoluminescence may provide a better
understanding of the nature, provenance and diagenetic trajectories of neoformed minerals (Barbin, 2000;
Machel, 2000), while spatially-resolved FTIR and Raman microscopy could provide information on the
structural chemistry of the compounds that would complement the elemental characterisations reported in
this study (Mentzer and Quade, 2013). Fish bone mineral replacement by calcium sulphates was also noted
in EX24, where mineralogical changes were found to be spatially varied, dependent on proximity to the clay
aggregate and the mammal bone.
Both fish and mammal bone recrystallised into larger aggregates of calcium phosphate as the experiment
progressed, with considerable evidence for transition metal ion substitution, as is often observed in
waterlogged and reducing environments (Turner-Walker, 2008). IRSF values indicated little change in
crystallinity, but BSEM results suggest sampling is combining areas of dissolution and recrystallisation.
Mechanisms of bone dissolution and reprecipitation in EX1–24
The extent of diagenetic change is surprising, as stable, waterlogged and alkaline environments are
generally not conducive to bone dissolution (Nielsen-Marsh and Hedges, 2000). In a waterlogged burial
environment, pore water becomes saturated with Ca2+ and [PO4]3- ions dissolved from bone mineral and
dissolution will be limited by a local diffusion gradient. Whereas wet/dry cycling accelerates dissolution
(Nielsen-Marsh and Hedges, 2000), we could expect slow rates of dissolution under these experimental
conditions.
While alkaline conditions also tend to protect bone mineral from dissolution (Gordon and Buikstra, 1981;
Villagran et al., 2017), high carbon dioxide concentration can promote dissolution of carbonates (Van den
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Berg and Loch, 2000). High levels of dissolved CO2 tend to lower pH (Schimel, 1995), but only a small
proportion of dissolved CO2 in water will form carbonic acid and pH may be buffered by other bases in
solution. This is a process that could explain dissolution of bone mineral (Turner-Walker, 2008), LOI results
indicate a small increase in sedimentary carbonates within the guano layer over the course of the
experiment and FTIR indicates carbonates were removed from fish bone before phosphates (Fig. 5.5c).
However, under waterlogged conditions and at the recorded pH, the rate and extent of observed change is
surprising. It is very likely, therefore, that acidic microenvironments associated with decomposing organic
matter were a contributory factor in the observed diagenetic changes. Characterising such micro-scale
variation in sedimentary environments would require higher resolution methods of physico-chemical
sedimentological characterisation, such as in situ ion-sensitive probes or in situ infrared spectroscopy (Vos
et al., 2013).
The features observed in BSEM indicate diffuse demineralisation, as recognised by Turner-Walker (2012) in
experimental samples from tropical, waterlogged contexts. However, in that study the zones of
demineralisation were restricted to primary bone and did not cross the cement lines of secondary osteons.
In addition, bones in that study recrystallised with a globular morphology, quite distinct from the large and
morphologically diverse authigenic crystals observed in this study.
Evidence for bioerosion of bones in EX1–24
Diagenesis of bones in non-acidic environments may be largely mediated by microorganisms (Villagran et
al., 2017), but local groundwater, pH and temperature affect the presence and abundance of
microorganisms (Nielsen-Marsh and Hedges, 2000). Waterlogged environments are considered an inhibitory
factor to microbiological decay of bone (Jans et al., 2004; Jans, 2008; Turner-Walker, 2008) and while
cyanobacteria may colonise bone in marine environments and wetlands (Huisman et al., 2017), the features
observed in these experimental samples do not conform to commonly described patterns of bacterial
degradation of bone. Cyanobacteria leave characteristic tunnelling features that proceed from the
periosteal surface or from the larger physiological pores (Jans, 2008), features that are absent from the
bones in samples EX1–24. Turner-Walker (2012) has attributed similar ragged and enlarged pores to
microbial bioerosion, but in that study the characteristic tunnelling features were also present.
Perhaps relevant to these samples are gut bacteria, which are primarily obligate anaerobes (von Martels et
al., 2017). It has often been assumed that gut bacteria promote diagenesis and degradation of bone in
archaeological contexts (Nicholson, 1996), but this remains unproven (Turner–Walker and Syversen, 2002).
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Guano is likely to be concentrated with gut bacteria, and it is interesting to note that bats have unusually
diverse microbial intestinal communities that remain little-explored (Lutz et al., 2019).
Microbial communities were a dominant control on biogeochemical processes in the burial environment
and it is possible that some mineral replacements affecting bones were directly mediated by microbial
activity. Pyrite framboids are by-products of SRB metabolism (Muyzer and Stams, 2008) that are frequently
found in the pores of bones from waterlogged environments (Karr and Outram, 2015), but they were not
detected within these samples. Laboratory experiments using SRB tend to produce amorphous pyrite
precursors such as greigite (Mann et al., 1990; Sagemann et al., 1999) and replacement of bone mineral
with calcium sulphate in my experiment may suggest that similar, amorphous sulphide minerals were
precipitated within the bone mineral matrix then oxidised upon aeration of the sediment. Turner-Walker
(2012) observed spherical, oxide-rich features like that observed in the fish bone from EX24 (Fig. 9.13h),
precipitated within bone from a waterlogged context and attributed them to bacterial biomineralisation of
iron. It is probable that microbial communities also influenced mineral formation less directly. Bacterial
activity can produce steep physico-chemical gradients, influencing sedimentological parameters at a scale
that would be undetectable using bulk measurements (Gieseke and de Beer, 2004). Such gradients have
been shown to be dominant controls on authigenic mineral formation within decomposing organic matter
under experimental conditions (Sagemann et al., 1999). Microbes may also concentrate reactive ion species
on their cell membranes (Ferris et al., 1987), thereby forming nucleation sites for minerals including
phosphates and silicates (Konhauser and Urrutia, 1999).
Conclusions regarding bone preservation under experimental conditions
The current dataset suggests that both chemical hydrolysis and chemical dissolution of bone mineral are
responsible for the diagenetic alteration of bones buried in EX1–24. Hydrolysis of collagen would have been
accelerated by the high temperature and raised pH in the experimental samples. While dissolution of bone
mineral may be a result of acidic microenvironments or dissolved carbon dioxide in pore water, the roles of
microbial communities upon bone degradation in these samples remain unclear. Observed alteration
features are not typical of microbial bioerosion, but the dominance of microbial respiration on the
development of sedimentary environments and mineralisation suggests that they must have influenced
bone taphonomy, whether directly or indirectly or indirectly through the creation of micro-scale physicochemical gradients and concentration of reactive metals.

196

5.7.3

Minerals in EX1–24

Guano-driven phosphatic diagenesis of carbonates typically proceeds under acidic conditions that promote
calcite dissolution and precipitation of phosphate species that are stable in lower pH environments (Schiegl
et al., 1996; Karkanas et al., 2000; Shahack-Gross et al., 2004). The extent and rapidity of diagenetic changes
affecting carbonate gravel in EX1–24 may be considered surprising in an environment where alkaline
conditions persisted.
Authigenic calcium phosphate has been shown to form at high pH when large quantities of phosphorous
were present (Sagemann et al., 1999) and it is possible that the carbonate is unstable due to high levels of
carbon dioxide. However, the intimate association of amorphous organic matter with neoformed minerals
suggests that microenvironments associated with decaying organic matter may be promoting their
precipitation. While biomorphs observed within secondary minerals may indicate some role for microbes
(Cosmidis et al., 2013), such features are not considered evidence of biologically controlled mineralisation
(Kellermeier et al., 2012) and those observed in this study, while within the size limits of bacteria (Schulz
and Jørgensen, 2001), may be considered very large.
The evidence for silica-bearing minerals precipitating within recrystallised carbonates and bone in this
experiment suggests that silica is mobile within the burial environment. While some BSEM images suggest
that orthosilicates in the sand layer may be weathering under experimental conditions (Fig. 9.14), the most
likely source of labile silica is the clay aggregates.
In thin-section, subtly expressed hypocoatings and disintegration features affecting clay aggregates are
often associated with guano, suggesting a link between clay weathering, silicate mobilisation and organic
decay. BSEM images suggest complex interactions between clay minerals and other buried materials,
particularly fish bone (Fig. 5.4e), but the mechanisms driving this interaction are difficult to assess based on
the current dataset. Clay chemistry is not conducive to analysis through spatial measurement of element
concentrations (Schaetzl and Anderson, 2005: 65), but it is likely that clay weathering and mobility are a
result of the micro-scale physico-chemical gradients and/or acidic microenvironments and it is also likely
that bacteria are driving processes of silicate diffusion and mineral authigenesis to some degree by
concentrating reactive compounds on their cell walls (Konhauser and Urrutia, 1999).
5.7.4

Organic materials in EX1–24

Bamboo is a wood-like grass (Amada et al., 1997), a composite tissue made up of natural polymers (Pandey,
1999). Wood is rarely preserved on Pleistocene archaeological sites, but waterlogging may preserve wood
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for millennia (Ismail-Meyer, 2017). Excavated bamboo from EX1–24 shows some discolouration and surface
peeling, but in thin-section, changes to the optical properties of the bamboo are apparent and FTIR analysis
indicates reveals decomposition preferentially affected less-stable polymers. An increase in peak intensity at
615 cm-1 over the course of the experiment indicates that organic decay was associated with SRB respiratory
processes, but further chemometric analysis of the changes affecting bamboo will require analyses of
second derivative spectra and other techniques (Sandak et al., 2016) and is beyond the scope of this paper.
Charcoal has a high potential of survival and is a common feature of archaeological sites, where it results
from incomplete combustion in oxygen-starved areas of a fire. Recent work has raised questions about the
variation and complexity of the structural chemistry of archaeological charcoal (Canti and Huisman, 2015),
and it is increasingly apparent that charcoal is subject to a range of post-depositional taphonomic and
diagenetic processes (Huisman et al., 2012).
In this study, excavated charcoal fragments from EX1–24 showed little visible change over the course of the
experiment, beyond the dissolution of calcite ash and discolouration of uncharred sections. However, in
thin-section the brownish pore infills and structural degradation recognised at 12 and 18 months look
similar to the limpid clay infills observed by Huisman et al. (2012), which were attributed to charcoal
degradation and weathering within ashy, alkaline environments and interactions between charcoal and Ca
and K hydroxides. Benzenoids are unstable under alkaline conditions, and both Braadbaart and Poole (2008)
and Ascough et al. (2011) indicated that charcoal could be subject to significant post-depositional
degradation in alkaline burial environments.
Problematically, those features are absent from the charcoal observed in thin-section GE-EX24A and it is
possible they relate to the charcoal’s initial manufacture. The only micromorphological features that can be
confidently attributed to post-depositional change are the tearing and deformation related to shrink-swell
processes. An increase in peak intensity at 615 cm-1 does suggest that buried charcoal was also affected by
progressive organic decay and replacement with sulphides throughout the duration of the experiment.
5.7.5

Control samples and the importance of environmental variables

The results from samples EX 25–33 suggest that of the conditions studied, based on changes between three
variables (temperature; waterlogging and sediment matrix) it was the combination of raised temperatures,
waterlogging and presence of guano that led to the most rapid and extensive diagenetic changes.
Where samples were not waterlogged fungal communities were able to colonise bone and wood samples.
However, in non-waterlogged, heated samples, fungal communities were also inhibited by the development
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of arid conditions. In heated, non-waterlogged samples buried within a sediment matrix (EX25, EX28) there
was more fungal colonisation than in the sample that was heated and exposed (EX32), due to sediment
moisture retention.
That the guano matrix was associated with the most intense alterations to buried bones and carbonates
underscores the importance of decaying organic matter to the processes of mineralisation that were
observed. While microbial communities from the guano may have governed the alterations to buried
materials, a precise assessment of the role of microbial communities in the observed processes of
diagenetic change is beyond the scope of this paper.
5.7.6

Suitability of model for understanding stratigraphy, diagenesis and assemblage taphonomy in
tropical cave sites

Comparing the results of laboratory experiments conducted over a period of 24 months to diagenetically
altered cave sediments that were deposited tens of thousands of years ago will always rely on a number of
assumptions and caveats. Nevertheless, similarities between features produced in EX1–24 and those
observed in tropical archaeological caves are striking, which indicates that this experimental work serves as
a useful analogue for interpreting palaeoenvironmental change and assemblage taphonomy in tropical
environmental sites.
The experiment was in part designed to address the question of whether diachronous environmental
changes could result in similar mineral suites to those discovered in lithostratigraphic unit 3 at Niah and
Lithostratigraphic units A and B at Con Moong Cave. The results from samples EX1–24 suggest that wet
guano deposits can behave like acid sulphate soils, wherein heavily reducing, anoxic environments promote
the formation of sulphidic compounds that are oxidised to sulphates upon aeration. Whereas gypsum,
selenite and bassanite have been recorded in field studies of Pleistocene guano deposits in tropical regions
(Wurster et al., 2015; Stephens et al., 2017; McAdams et al., 2020), potassium sulphate was precipitated on
these experimental samples. This dissimilarity likely results from differences in solute concentrations in
water between experimental samples, which used deionised water, and field sites, where percolating
groundwater may be saturated in Ca2+ cations from interactions with the bedrock. FTIR analysis of the
experimental guano layers did not detect any authigenic phosphates, but analysis of the buried
archaeological analogues revealed authigenic mineral replacement alongside neoformation of a range of
other minerals, including calcium phosphates, non-stochiometric species and, potentially, silicates.

199

Figure 5.6 (a): Thin-section photomicrograph of diagenetically altered bone fragment buried within the lowermost layer (LSU A) of
Con Moong Cave, North Vietnam. Blue arrows mark ragged and deformed internal voids. Red arrow marks intrusive quartz grain
within diagenetically altered bone fragment matrix. Red dashed line marks the interface between identifiable, diagenetically altered
bone fragment and mineral coating containing quartz grains and phosphatised clay. Yellow dashed line marks the interface between
that mineral coating and the phosphatised, clay rich groundmass. Adapted from McAdams et al. 2020: Fig. 6 (PPL); (b) As in panel a
(XPL); (c) BSEM image of sectioned, diagenetically altered bone from EX5. Blue arrows mark ragged, deformed structural features
and red arrows mark electron-dense, silica-rich grains within the degraded bone mineral matrix; (d) Thin-section photomicrograph
of diagenetically altered bone from EX24. Blue arrows mark ragged, deformed structural features and red arrows mark secondary
minerals precipitated within voids; (e) Thin-section photomicrograph showing diagenetically altering carbonate rock from EX24.
Blue arrows mark linear alterations to phosphate mineral, red arrows mark phosphate mineral pseudomorphs replacing carbonate
crystals (PPL); (f) As in panel e (XPL); (g) Photomicrograph of diagenetically altered carbonate rock fragment from the lowermost
layer (LSU A) of Con Moong Cave, North Vietnam. Blue arrows mark secondary phosphate mineral precipitated in linear
arrangement. Red arrows mark radially banded phosphate minerals, potentially pseudomorphs of carbonate ooids. Adapted from
McAdams et al. 2020: Fig. 6 (PPL); (h) As in panel g (XPL).
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Assemblage taphonomy
Understanding the preservation of archaeological materials under palaeoenvironmental conditions was a
central aim of this paper. Guano is often associated with the dissolution and removal of biominerals and
ashes, but under experimental conditions the mechanism by which those taphonomic processes commonly
occur, sediment acidification, was inhibited. Despite this, severe diagenetic alterations affected buried
materials and their distinctive features provide a way of recognising the influence of similar sedimentary
environments upon post-depositional change.
At Niah Cave, lithofacies 3 contains bones that are discoloured to reddish-orange in thin section (Stephens
et al., 2017). It is difficult to compare these alterations to the reddish discolourations produced in this
experiment as there were no photomicrographs provided, but Stephens et al. (2017) note their similarity to
features observed in Tabon Cave by Lewis et al. (2007). While no bones were excavated from the lowermost
layers at Con Moong Cave, pseudomorphs of bone are clearly visible in thin-section (McAdams et al., 2020;
Fig. 5.6a,b) and they bear morphological and geochemical similarities to these experimental samples (Fig.
5.6c,d). Both display ragged, deformed internal voids and are associated with phosphatised clays and
authigenic mineral replacement. Pseudomorphs of carbonate rock from those layers also show a range of
phosphatic alterations that are morphologically similar to those produced in this experiment (Fig. 5.6e–h).
Morphologically similar phosphate mineral formations (e.g. probable leucophosphite spherulites) were
observed at Niah Cave, but these were not related to pseudomorphs of carbonate rock and are a relatively
common feature of guano profiles.
The diagenesis of the clay aggregates in this experiment, particularly their apparent interaction with other
minerals including bone and carbonates, serves to further illustrate the complexity and variety of chemical
environments that may exist within decomposing guano profiles.
Wood has not been detected in Pleistocene archaeological deposits in tropical caves and would not be
expected to survive, but charcoal is commonly recovered from these sites and forms a key component of
archaeological and geochronological research. The possible chemical alterations to charcoal recorded in this
experimental assemblage suggest that the alkaline and potassium-rich environments that can develop in
very wet guano deposits may impact charcoal preservation in the same way as those that develop in fresh
ashes (e.g. Huisman et al., 2012). The variation in results prevents any concrete assertions and these
aspects require further work, but experimental work indicates that mechanical weathering from wet/dry
cycling would have rapidly degraded and removed such material anyway.
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5.7.7

Wider applicability of this experimental work

The archaeological cave sites of Southeast Asia and tropical zones more widely are a key resource in
understanding our species evolutionary history (Barker et al., 2005). Currently, understandings are based
upon a scattering of fossil teeth and bones, many of which have little contextual information or uncertain
stratigraphic associations and taphonomic histories (Dennel and Porr, 2014) and this has created a situation
where a single fossil find still has the potential to substantially redefine our understanding of the human
evolutionary trajectory (Morley, 2017). Precisely understanding both the depositional and post-depositional
environments that have prevailed at these archaeological sites and their effects on the preservation of
buried material is paramount to situating hominins within Quaternary landscapes and chronologies.
While the importance of guano as a diagenetic accelerant has been noted elsewhere, this paper has
demonstrated that under the hot and humid conditions, wet guano deposits can follow different diagenetic
trajectories to produce non-acidic sedimentary environments. While these biogeochemical processes also
have pronounced taphonomic and diagenetic effects, they produce distinctive suites of minerals and
micromorphological features that may provide evidence of changing hydrological conditions affecting
sedimentary palaeoenvironments at the micro-scale. These data are essential in reconstructions of sitescale depositional environments in regions where preservation of traditional environmental proxies is poor,
where they may also allow correlation with catchment- or regional-scale hydrological or climatic shifts (e.g.
McAdams et al., 2020).
This work underscores the importance of a multi-proxy approach to the interpretation of sediments in
tropical contexts, where post-depositional diagenetic and taphonomic processes are likely to have
progressed to a much greater extent. Thin-section microstratigraphic analysis offers a powerful method of
assessing changing environments through time, but the complex and diachronous diagenetic changes
affecting buried materials from this experimental assemblage involve phosphate minerals and other
amorphous or non-stoichiometric species with optical properties that are not informative. This means that
to fully realise the archaeological potential of the complex sedimentary records in tropical caves, one should
employ complementary characterisations selected to refine the results of thin-section analysis, such as the
geochemical and sedimentological techniques incorporated into this study.
5.7.8

Need for further work

While the range of materials in this experiment has generated interesting results related to the interactions
between silicates, phosphates, carbonates and decaying organic matter in diverse burial environments,
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there is a need for increasing isolation of variables in order to understand the diagenetic trajectories of
individual materials under more controlled conditions. The rapidity of the diagenetic changes affecting EX1–
24 was surprising and future work should target the very earliest stages of guano-driven diagenetic change,
occurring within the first month after burial.
Despite using a wide range of complementary geochemical and sedimentological techniques many
questions persist about the nature and mechanisms of observed diagenetic change. Organic materials
require further treatment to enable analysis to the same degree as the mineral materials and faunal
remains included in this experiment, but they are amenable to the targeted spectroscopic analyses which
will form the basis of future work. The application in tandem of high-spatial-resolution techniques with
more quantitative geochemical analyses may help resolve temporal and spatial variation in processes of
mineralisation and dissolution (Mentzer and Quade, 2013) and these data will be key to understanding both
the role of microbes in cave sediment diagenesis and the potential of related mineralogical proxies to
ascertain their effects on assemblage taphonomy. Much of this work indicates a governing role for microbial
communities in the early stages of diagenesis, but while microbial mediation of mineral precipitation
reactions is a widespread process (Konhauser, 1997; Nordstrom and Southam, 1997; Roden and Edmonds,
1997), proving that mineral precipitation is a direct result of bacterial respiration poses many challenges
(Konhauser and Urrutia, 1999).

5.8 Conclusions
This paper has demonstrated the efficacy of a laboratory-based experimental approach to understanding
the early stages of post-depositional diagenetic and taphonomic change in the burial environment. This
approach provides high-resolution data that can be tailored to explore very specific environmental
conditions, from situations where no analogue may be easily accessed in an ethnographic or field setting.
What sedimentary environments produced the distinctive authigenic phosphate and sulphate mineral
assemblages recorded in tropical cave sequences?
Based on similarities between the secondary minerals observed in field contexts and those produced in this
experimental work, these results suggest that experimental conditions were a reasonable analogue for past
depositional environments in tropical cave sites. Incongruous suites of phosphate and sulphate minerals
may be precipitated within guano profiles as a result of diachronous episodes of diagenetic change,
governed by fluctuations in site hydrology and sedimentary redox environments. These mineral suites
therefore provide useful indicators of palaeoenvironmental change.
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How would such sedimentary environments affect assemblage taphonomy?
This work underscores the importance of guano as a taphonomic agent in caves, demonstrating that even
where acidification does not occur the presence of this material promotes the destruction of archaeological
assemblages. The unexpected diagenetic trajectories of material incorporated within this experiment are
likely to have implications when interpreting assemblages from other tropical cave sites, where increased
rainfall and temperatures may make such humid sedimentary environments more likely. The results of this
experimental work also highlight the need to understand more fully the effects of microbial communities in
the initial stages of guano decomposition and sediment diagenesis.
To what extent may tropical conditions affect the nature or rate of the post-depositional processes that
affect archaeological cave sediments?
This work has begun to quantify the effect that tropical environmental conditions can have on the pace of
diagenetic changes in archaeological cave sediments, but suggests that microenvironmental factors are the
most important in governing the nature of post-depositional processes. However, questions persist
regarding climatic effects on the nature of diagenetic changes observed, because of the short time frame
within which this experimental work was conducted and the specificity of the microenvironmental factors
that were investigated. Future work should both take a longer-term approach to assessing differences in
features produced under tropical and temperate environmental regimes and a higher-resolution approach
to measuring biogeochemical changes in the immediate aftermath of sediment deposition
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Synthesis and Conclusions
6.1 Introduction
Harsh, tropical climates have weathered and removed archaeological materials from the landscapes of
MSEA, leaving a record that is heavily biased towards caves and rockshelters. Within caves, a range of
specific taphonomic and microenvironmental factors also influence the preservation of archaeological
materials. But while the increased temperatures and humidity of tropical zones presumably have
compounding effects on these processes, there has been little quantification of these factors. Such
uncertainties regarding site formation processes have meant that the sedimentary sequences that
characterise tropical archaeological caves remain difficult to interpret, and this has ramifications for scholars
attempting to piece together the complex history of Pleistocene human evolution and dispersals.
This thesis had two main research aims:
•

To assess the potential for modern geoarchaeological methods to assist in the interpretation of
problematic archaeological records in the humid tropics, specifically those of North Vietnam and
MSEA more broadly;

•

To assess the specific effects of tropical environments on the nature and pace of site formation
processes that are active in archaeological caves in MSEA, and their impacts on archaeological site
interpretation.

This chapter summarises and synthesises the results outlined in the previous chapters. The research carried
out at CMC in North Vietnam (Chapter 4) is discussed in terms of the importance of that site in furthering
our understanding of the late Pleistocene prehistory of MSEA. The investigation at that site is then
discussed in terms of the formation processes that were recognised, their relationship to site-scale
environmental factors and Pleistocene climate shifts, and the relevance of the findings to the interpretation
of archaeological cave sediments in tropical zones more generally.
Chapter 5 presented a laboratory-based, geo-ethnoarchaeological experiment using modern analogues.
This was designed to investigate specific aspects of developing sedimentary environments, diagenetic
changes and taphonomic processes inferred from the sediment record at CMC, specifically in the basal
lithostratigraphic units (LSUs) A and B. This actualistic study also functioned as an investigation into the
extent to which tropical climatic factors may influence the nature or pace of post-depositional change in
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archaeological cave sediments. The results are discussed in terms of how effectively the observations reflect
the model of environmental changes proposed for CMC (Section 4.7.1; Fig. 4.13), and the implications for
understanding archaeological site formation processes at that site and assemblage taphonomy in humid
tropical caves more generally.
In addition to assessing the extent to which the original research questions have been answered, the
uncertainties that persist are also explored. This leads to a discussion of the potential for future work in
field and experimental contexts, both to further resolve the Pleistocene prehistory of MSEA and to develop
a geoarchaeological framework of interpretation that is tailored to the distinct suites of features that may
result from the intense environmental processes characteristic of tropical zones.

6.2 Summary of the case studies
6.2.1

Geoarchaeological investigations at Con Moong Cave

CMC is a prominent Pleistocene site within MSEA with a published, terminal Pleistocene–Holocene
archaeological sequence (Thong, 1980; Su, 2009) that is frequently referred to in discussions regarding the
late Pleistocene population history of the region (Rabett, 2012; Higham, 2014; Piper and Rabett, 2014).
However, the peculiarities of the regional lithic record (Marwick, 2008a,b, 2018) and the limited resolution
of catchment-scale to regional-scale environmental reconstructions (Wurster and Bird, 2016) have severely
restricted the conclusions that could be drawn about cultural change or human-environment interactions at
this site, or other similar sites in the region, using traditional investigative techniques. The sedimentary
records contained in the caves of MSEA are typically difficult to interpret, in part due to the extent of the
post-depositional physical and chemical changes that have affected them (Anderson, 1997; Barker et al.,
2005; Morley, 2017; Morley and Goldberg, 2017). This is a function of the harsh environmental conditions
of the region. While modern geoarchaeological approaches to cave sediment interpretation may provide a
way to overcome these difficulties, such methods are included infrequently in archaeological investigations
in this tropical region.
In Chapter 4, a multi-proxy, geoarchaeological investigation was presented that was designed to better
understand the site-formation processes that have been active on the Pleistocene record of CMC, and to
reconstruct a history of human-environment interactions at that site. This study incorporated thin-section
micromorphology with a range of geochemical and sedimentological characterisations, including XRD) and
pXRF, to reconstruct past depositional environments and assess the effects of post-depositional taphonomic
and diagenetic processes on buried assemblages at that site.
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The relevance of CMC to the research aims of this thesis
Like many archaeological sites in MSEA, CMC contains shell middens that have been dated to MIS 2 and
later (Thong, 1980; Mai Huong and Van Hai, 2009; Su, 2009; Lam and Su, 2014). These have been associated
with a subsistence strategy that allowed modern humans to occupy this challenging upland landscape
during a period of pronounced environmental instability, by focussing on risk minimisation (Rabett et al.,
2011; Piper and Rabett, 2014; Rabett et al., 2017). The processes behind this adaptation are poorly
constrained across the region due to a shortage of chronometric dates and the generally ephemeral nature
of residues related to phases of occupation preceding midden deposition (Anderson, 1997; Forestier et al.,
2015; Rabett, 2018).
Renewed excavations at CMC have revealed layers underling the shell middens, offering a rare opportunity
to further resolve these adaptive processes (Chapter 4). The new sequence contained stratified combustion
residues and stone tools, along with a substantial guano mound in the lowermost deposits (Derevianko et
al., 2014). Macroscopic sedimentary features were consistent with extensive post-depositional
modifications, however, and while researchers had highlighted the potential of this site, the observed
stratigraphic changes had proven difficult to conclusively relate to environmental processes (Lan et al.,
2008; Lam and Su, 2014). Similar levels of intense post-depositional diagenetic and taphonomic change are
often encountered in archaeological cave sediments in tropical zones, so a test of the efficacy of
microstratigraphic investigation at CMC may be considered a small-scale example with broader application
to tropical zones more generally.
The potential of the record at CMC to help resolve processes of cultural change in late Pleistocene MSEA,
and address the difficulties of interpretation inherent to the sedimentary record at the site, mean that the
case study was well-suited to fulfilling the research aims of this thesis. The anthropogenic sediments
afforded a chance to examine the lifeways of late Pleistocene hunter-gatherers in MSEA, while disentangling
the anthropogenic and environmental signals in CMC’s complex, diagenetically-altered sediments provided
a test of the efficacy of a modern geoarchaeological approach to cave sediment interpretation in MSEA.
The history of human-environment interactions from CMC
The history of human-environment interactions generated from the study of the CMC sequence is
important for two principal reasons. First, it demonstrates the power of an integrated geoarchaeological
approach to generating high-resolution archaeological narratives even in the extensively reworked and
diagenetically-altered cave sediments of the tropics, where preservation conditions are suboptimal. Second,
the narrative generated stands as a uniquely long and detailed record of late Pleistocene human activity in
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the MSEA region, indicating a complex history of occupation and abandonment that broadly correlates with
climate shifts in the late Pleistocene.
Microstratigraphic evidence of Pleistocene human occupation at CMC
The major indicators for human occupation identified in this study are microscopic combustion residues.
The earliest, microstratigraphic evidence for human activity at CMC dates to more than 42 ka (Fig. 6.1),
comprising layers of ashes (LSUs H and L) that have been subject to a range of post-depositional processes
(Section 4.7.1). These processes include wet-colluvial transport (recognised through fragmentary aggregates
that preserve upward-fining textures), bioturbation (recognised through the spongey fabrics comprised
almost entirely of pellety, excremental aggregates) and phosphatisation (recognised through the isotropy of
the recrystallised ashes in XPL and the geochemical and mineralogical characterisations that indicated the
ashes had reprecipitated as calcium phosphates).
The extent of post-depositional change affecting the earliest ashy layers (LSUs H–L; >42–30 ka) severely
restricts the spatial and temporal resolution with which prehistoric lifeways can be reconstructed. However,
while insect activity has homogenised LSU L, fragmentary fabric units indicating transport through
slopewash suggest that this part of the cave was not a focus of occupation during this time period. The
anthropogenic sediments that fill the investigated area have been transported, via wet-colluvial
sedimentation, from an area that was closer to the mouth of the cave. By comparing these colluvially
transported, ashy layers to overlying layers, dating to MIS 2, in which ephemeral lenses of combustion
residue are suspended within geogenic sediments (LSUs O–T), we see a clear decrease in the relative
intensity of occupation during the latter period (Sections 4.7.1 and 4.7.2). This reduction in occupation
intensity roughly corresponds with the downturn in climatic conditions between MIS 3, which was relatively
wet, and MIS 2, which was relatively cold, arid and unstable.
While anthropogenic combustion residues are less abundant in the MIS 2 layers, they are better-preserved,
consisting of intact, morphologically distinct ash crystals that indicate little to no dissolution or
reprecipitation. The observed depositional relationships and sorting of clastic materials, however, indicate
that combustion residues were dumped or colluvially transported to their position. This indicates that the
excavated area was not the focus of occupation, but the ashes may be in a secondary context that could
provide information about activities related to maintenance of space in the cave (Schiffer, 1972; Goldberg
and Sherwood, 2006; Shahack-Gross, 2017). Testing this hypothesis requires further excavations targeting a
greater area of the sediments, rather than the spatially restricted trench excavations characteristic of
archaeological investigations in this region (Anderson, 1997; Morley, 2017).
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Figure 6.1 (previous page): Summary of the findings of geoarchaeological investigations at CMC. Lithostratigraphic units (LSUs) A–V
identified at CMC are shown in stratigraphic order with their approximate age, based on the median value of associated age
estimates. Yellow dashed lines mark LSUs with a poorly-defined stratigraphic relationship to each other. A summary of
reconstructed depositional environments over time and a generalised geoarchaeological interpretation of site occupation is also
presented, alongside a schematic diagram of climate shifts that is based on comparison between geoarchaeological investigations at
CMC and speleothem-derived records of climate from the published literature (Cai et al., 2006, 2015). Red arrows on
Geoarchaeology column mark an erosive contact.

212

The guano layers stratified within the lower ashy deposits, LSU K (~42 ka) and LSU M (~30.8 ka), represent
an additional source of information, albeit indirect, regarding the chronology of human settlement at CMC.
We can assume that the presence of bats is dependent on the absence of humans (Shahack-Gross et al.,
2004; Hawkins et al., 2016; Karkanas, 2017). Therefore, when thin layers with microstratigraphic and
geochemical signatures characteristic of bat guano punctuate a longer sequence of deposited
anthropogenic combustion waste (Sections 4.6.6 and 4.7.2), we can reasonably assume that they represent
periods during which humans abandoned the cave and a significant colony of bats was resident (Karkanas et
al., 2000).
Site-scale environmental changes at CMC
The investigation at CMC has shown that understanding non-anthropogenic, site-scale environmental
factors that affect cave sedimentation is valuable for exploring the history of human occupation. Two nonanthropogenic factors exert a dominant control on processes of sedimentation at CMC throughout the
investigated Pleistocene sequence: site hydrology and guano accumulation.
Constraining the role of site hydrology in sedimentation is crucial to understanding the depositional context
of anthropogenic sediments. As discussed above, hydrology had a pronounced effect upon the preservation
and reworking of anthropogenic materials deposited in the cave. In the lower, ashy layers that are indicative
of intensive occupation, all anthropogenic material has been redeposited by environmental agencies
(Section 4.7.1). While much of the sedimentary record at CMC has been reworked by wet-colluvial transport
to some degree, the full extent is difficult to assess because of subsequent homogenisation by fauna,
resulting in the destruction of sedimentary fabrics.
Humidity is a key factor that governs the intensity of the diagenetic and taphonomic changes in the burial
environment (Karkanas et al., 2000; Nielsen-Marsh and Hedges, 2000; Shahack-Gross et al., 2004; Mallol et
al., 2010). The extent of diagenetic changes affecting different layers at CMC can be taken as an indicator of
the hydrological conditions prevailing at various different times. For example, with a largely homogenised
groundmass of phosphatised clays and occasional, fragmentary remains of bioturbated clay coatings
(Section 4.7.1), LSU G was evidently deposited under wetter conditions than the predominantly geogenic
LSUs O–T. These later layers consist of dusty clays within a carbonate-rich silt matrix; they contain ashes and
burned and unburned soil aggregates as inclusions, materials that could be expected to show significant
alterations and weathering under more humid conditions (Goldberg and Sherwood, 2006; Mentzer, 2014;
Morley et al., 2017). Furthermore, the increased numbers of soil aggregates within the sediments suggests
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increased landscape erosion and soil reworking in the catchment, potentially reflecting vegetation changes
associated with lower precipitation.
With respect to the guano layers, prevailing site-scale hydrological conditions were a dominant factor
governing the severity and extent of diagenetic changes. As elsewhere, the preservation state of buried
materials, and the suites of authigenic minerals within those layers, serve as useful indicators of
hydrological regime and sedimentary palaeoenvironment (Schiegl et al., 1996; Karkanas et al., 2000; Weiner
et al., 2002; Keenan and Engel, 2017). Within the lower guano profile, LSUs A–C, post-depositional
diagenetic change was severe. LSU C is dominated by taranakite nodules, a mineral of the extremely acidic
environments that form due to the aerobic decomposition of guano under very wet conditions (ShahackGross et al., 2004; Frost et al., 2011). The underlying LSU B has also been affected by severe diagenetic
changes, but the suite of minerals detected does not fit into standard models of the chemical environments
that develop in decomposing guano profiles. The combination of sulphate minerals, reduced iron phosphate
oxy-hydroxides, and observed sedimentary features in LSU B appear to have resulted from diagenetic
changes that had occurred in a waterlogged, anoxic guano deposit that was subsequently aerated (Section
4.7.1).
The less-substantial guano layers (LSUs M and K) are stratified within ashy deposits (LSUs H–L) that are
indicative of relatively intensive human occupation during MIS 3, and were subject to much less-severe
diagenetic change. While authigenic phosphate minerals did precipitate, these were soluble calcium
phosphates, which indicate that sedimentary environments in those deposits not become as acidic or wet
as those in LSUs A–C (Karkanas et al., 2000; Shahack-Gross et al., 2004; Karkanas, 2017). It is particularly
interesting that the guano layer M, which marks an episode of site abandonment at the end of a relatively
long period of intensive human occupation, contains features that indicate it was deposited under relatively
dry conditions compared to the underlying, colluvially-transported ash layer (Figs 6.1; 4.10).
Understanding such hydrological changes provides a framework for understanding the site-scale
environmental context of human occupation. However, because the hydrology of the site was presumably
governed by local precipitation, such information also gives us a record of environmental change that is
useful for understanding the localised effects of wider climatic shifts (Goldberg and Sherwood, 2006). Based
on the results of micromorphological analysis, we can observe that from the first evidence of human
occupation in MIS 3, the site was more intensively occupied during wetter periods than during dry phases.
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Integrating the CMC record with records of regional-scale shifts in climate
Moving beyond the site-scale and tying the record at CMC to catchment- and regional-scale records of
Quaternary climate change depends on chronometric dating of the sediments. The OSL and radiocarbon
chronology (Section 4.6.1) provided this necessary framework. By using the OSL and radiocarbon
chronology to create an age-depth model, the high-resolution environmental data from micromorphological
and geochemical analyses could be compared with regional records of climatic change from the published
literature (Fig. 4.14). This allowed a more-secure interpretation of the relationship between human
occupation of this site and changing climate.
Of particular importance was the bulk-sediment sampling that allowed extrapolation from
micromorphological observations to an interpretation of the entire stratigraphy (Sections 4.6.4–4.6.6). In
which sedimentological differences, identified through Principal Component Analysis (PCA), and interpreted
through comparison with observations of sediment microstratigraphy, could be assessed against variations
in regional climate reported in other studies (Section 4.7.2). Through this comparison, parallels between the
intensity of human occupation at CMC and the intensity of regional precipitation throughout the late
Pleistocene were revealed. During MIS 3 and MIS 2, human occupation of CMC was generally coincident
with periods of wetter conditions related to strong summer monsoon circulation, while periods of lower
occupation intensity, or site abandonment, were associated with drier conditions and weaker monsoon
circulation. Occupation was intensive during the relatively wet conditions of MIS 3, but punctuated by
episodes of site abandonment coincident with millennial-scale periods of cold and arid conditions. During
the colder, more arid and unstable conditions of early MIS2 (29–20) Ka), human occupation was of a more
ephemeral and sporadic character. But by the end of the LGM (~19 ka), deposition at the site was
characterised by dense accumulations of molluscs that indicate intensive occupation and midden formation,
indicative of the subsistence strategy adapted to the highly seasonal environments of northern Indochina,
identified by Rabett (2012).
Relationship between tropical environments and site formation processes at CMC
The broad classes of taphonomic and diagenetic process affecting buried materials at CMC have all been
observed at cave sites at higher latitudes (Karkanas et al., 2000; Shahack-Gross et al., 2004; Goldberg and
Sherwood, 2006; Karkanas, 2017; Mallol and Goldberg, 2017). The effects of humidity as a diagenetic
accelerant are evident in the results of microstratigraphic analysis and higher temperatures may also have
been a contributing factor (Shahack-Gross, 2017), with post-depositional diagenetic and taphonomic
changes progressing to a greater extent during warmer and more humid periods. In some parts of the
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stratigraphy, post-depositional changes appear to affect all materials within the sediment, excluding quartz
(Fig. 4.13). But quantifying the extent of change at CMC compared to sites in temperate or boreal zones, or
examining these changes as a function of tropical environmental conditions, requires access to a reference
dataset designed to answer those questions (Morley and Goldberg, 2017).
Most observed peculiarities of the formation processes at CMC relate to site- and micro-scale
environmental conditions, rather than local or regional climatic shifts. An example is the waterlogging of the
lowermost layers of the guano deposit. Similar features have been noted at Niah Cave in Borneo (Stephens
et al., 2017), and at other cave sites in tropical zones (Wurster et al., 2015). While waterlogging may be
more likely to occur in tropical regions due to the increased humidity, caves are hydrologically active spaces,
so similar depositional sequences may also occur at higher latitudes. Some other features observed at CMC
warrant further investigation, as discussed below.
Bioturbation and microfauna
Of particular note is the extent of bioturbation throughout the stratigraphic sequence at CMC, which
complicates the interpretation of sediment delivery and site-scale palaeoenvironments (Section 4.7.1). All
investigated sediments at CMC are affected by bioturbation, with evidence for intensive reworking by
microfauna throughout. Even within layers that are predominantly geogenic in character, the groundmass
observed in thin-section contains porous arrangements of pellety microaggregates. The intensive reworking
of cave sediments is a characteristic feature of stratigraphic sequences in MSEA (Anderson, 1997) and
surmounting this issue, through microstratigraphic analysis, benefits from a particular strategy when
sampling. Interpretations of sediment delivery at CMC may be derived from solitary fabric units only a few
millimetres across (Fig. 4.10c), observed within thin-sections that are otherwise dominated by spongey
fabrics. The limited preservation of diagnostic features increases the element of luck that is involved when
sampling sediments for microstratigraphic analysis (Macphail and Cruise, 2001; Goldberg and Macphail,
2008). When taking samples with which to analyse these sediments, therefore, it is important to gain the
largest cross-section of the deposit that is practically possible.
Bone degradation and microbial activity
A further feature of the sequence at CMC is the apparently pronounced effect of bacterial degradation
upon the preservation of bone (Section 4.7.1). Bone is a mineralised tissue that is relatively resistant to
fracture and chemical dissolution, so it is frequently found in archaeological sites in caves (Turner-Walker,
2008; Villagran et al., 2017). It has a high probability of survival in carbonate-rich and alkaline sedimentary
environments, although percolating groundwaters may lead to some diagenetic alteration and
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reprecipitation (Gordon and Buikstra, 1981; Nielsen-Marsh and Hedges, 2000; Karr and Outram, 2015). In
layers with evidence of guano-driven decalcification and phosphate authigenesis, bones might be expected
to have been removed by dissolution (Nielsen-Marsh and Hedges, 2000; Shahack-Gross et al., 2004; Smith
et al., 2007).
At CMC, preservation of bone is relatively poor, even in carbonate-dominated layers with little evidence of
post-depositional chemical change or groundwater percolation. Within these layers, the major postdepositional process affecting bone fragments appears to be microbial degradation. Bone fragments at CMC
frequently lack features commonly attributed to microbial attack, such as Wedl tunnels (Jans, 2008; TurnerWalker, 2012), but are degraded to an extent that indicates bone has been almost entirely destroyed within
these layers. In chemical environments that are conducive to bone preservation bacterial degradation is
likely to be the dominant process of bone destruction (Karr and Outram, 2015; Villagran et al., 2017). The
extent of bone destruction in these layers is surprising and may relate to the hot and humid conditions of
this region. Relatively few taphonomic studies have assessed the preservation of bone under humid tropical
conditions, and this should form a priority of future research.
Charcoal
Charcoal and silt-sized microcharcoal are present throughout the sequence in varying quantities throughout
the CMC sequence. In the wet-colluvial ashy layers (e.g. LSU L), charcoal preservation is poor and mostly
restricted to microcharcoal (Section 4.6.2). Charcoal degradation can result from interaction with the caustic
environments and Al and K hydroxides that may form in fresh ash deposits (Huisman et al., 2012), but the
wet-colluvial environment is also likely to be responsible for mechanical weathering of this material.
In the drier, MIS 2 layers that consist of geogenic material interstratified with dumped or colluviated ash
deposits, charcoal fragments display a range of preservation states. Some charcoal is relatively intact, but
the majority of fragments are altered in some way, and clay infillings and degradation of the internal
structure is common (Fig. 4.11); complete loss of internal structure, and the formation of vesicular masses is
observed less frequently. Such features are typical of the alterations that may affect charcoal in ashy,
alkaline deposits (Huisman et al., 2012; Canti and Huisman, 2015), but many questions remain over charcoal
chemistry and the changes that may affect this material in the burial environment (Braadbaart and Poole,
2008). These uncertainties are particularly impactful in tropical environments, where post-depositional
changes are likely to be more pronounced due to environmental conditions. As charcoal is such a commonly
used material in geochronological research there is a need for continues investigation into the processes
that affect its preservation in tropical sites and elsewhere.
217

Summary
The history of human-environment interactions produced through geoarchaeological investigations at CMC
is useful for understanding the prehistory of the MSEA region. This study demonstrates the efficacy of a
modern, geoarchaeological approach to cave sediment interpretation its potential to address some of the
persistent difficulties posed by the intense post-depositional physical and chemical changes that are
characteristic of this region’s sedimentary record.
Many questions remain at CMC, regarding the relationships between observed micromorphological features
of sediments, their geochemical signatures and the precise nature of the sedimentary palaeoenvironments.
Particularly interesting is the unusual combination of features that indicate waterlogging of the lowermost
layers of the guano deposit (LSUs A and B), which potentially resulted in diachronous episodes of diagenetic
change that do not conform to standard models of guano-driven diagenesis. Also important is the
apparently prominent role of microbial communities as a taphonomic agent in the degradation and removal
of bone from layers that otherwise appear conducive to bone preservation, and the intensive bioturbation
noted throughout the stratigraphy. However, understanding these post-depositional processes and their
relationship to environmental factors in this tropical region is made difficult by a lack of relevant reference
data.
6.2.2

Experimental reconstructions of sedimentary palaeoenvironments

The second case study in this thesis was a laboratory-based, geo-ethnoarchaeological experiment using
modern analogues (henceforth, “the guano experiment”), designed to generate reference data related to
the sedimentary environments that developed in LSUs A and B of CMC during the earliest stages of
diagenesis (Chapter 5). LSU B consisted of a diagenetically altered guano deposit, overlying a more than 80
ka, clay-rich diamict, LSU A (Section 4.7.1; Fig. 4.13). Importantly, the suites of minerals and sedimentary
features that were observed in those layers suggested that they had been subject to waterlogging. This may
have prevented guano-driven diagenesis from following the standard model, wherein aerobic
decomposition leads to sediment acidification and the weathering and removal of archaeologically
important materials such as bone and carbonate biominerals (Karkanas et al., 2000).
The experimental design was centred around three key research questions:
1. How does waterlogging affect the development of sedimentary environments in guano layers?
2. How is the taphonomy of archaeologically important materials affected by burial in waterlogged
guano layers?
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3. To what extent do tropical environmental factors affect the nature or pace of the post-depositional
processes that affect buried archaeological materials in caves?

To generate a relevant reference dataset, the guano experiment was designed around geoethnoarchaeological principles as defined by Shahack-Gross (2017). A series of actualistic, stratigraphic
reconstructions (Section 5.3.1; Fig. 5.1) were made of the depositional environments inferred for the
lowermost layers of CMC (Section 4.7.1; Fig. 4.13). The reconstructions consisted of 24 stratigraphic models
(EX1–24) that contained materials analogous to those likely to be discarded at hunter-gatherer occupation
sites, including mammal bone, fish bone, carbonate rock, clay aggregates, bamboo fragments and charred
bamboo fragments. These materials were placed on a quartzose sand substrate, buried under waterlogged
guano and kept under simulated tropical conditions. Experimental samples were then excavated one per
month over the course of 24 months, and the excavated sediments and assemblages were subjected to a
range of analytical techniques. The analytical techniques were selected to characterise the developing
sedimentary environments and the diagenetic trajectories of the buried materials (Section 5.3.4). Analytical
techniques included optical and scanning electron microscopic analyses of excavated materials, including
targeted geochemical characterisation through back-scattered electron microscopy (BSEM) and scanning
electron microscopy energy-dispersive spectroscopy (SEM-EDS). The structural chemistry of excavated
materials was analysed using Fourier-Transform infrared spectroscopy (FTIR), while thin-section samples
produced at six-monthly intervals allowed for the analysis of the micromorphological alteration features
that had affected the buried materials (Fig. 5.2).
A further series of 9 experimental samples were prepared to control for environmental variables, including
temperature, waterlogging and burial medium (Table 5.1). These control samples were excavated at the end
of the study period and they provide some quantification of the effects of reconstructed tropical conditions,
as well as microenvironmental factors, on the post-depositional changes that affected the buried materials
and sedimentary environments that developed.
Relevance of the guano experiment to the aims of this thesis
Without reference data, the model of developing environments produced to explain the formation of the
lowermost layers at CMC would have remained speculative. That model drew on biogeochemical models
that were developed to understand the genesis of acid sulphate soils and the eutrophication of lakes (Mees
and Stoops, 2010; Heiberg et al., 2012; Rothe et al., 2016), neither of which necessarily provide a useful
analogue for a waterlogged guano deposit. To relate the features observed in thin-section analysis to
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biogeochemical processes in the burial environment with greater confidence, it was necessary to examine
the in situ development of such environments. Other studies investigating the developing environments
that form in freshly deposited guano were have taken measurements in the field (Shahack-Gross et al.,
2004; Shahack-Gross, 2017), but the difficulty of finding a suitable analogue for the microenvironmental
factors inferred for the lowermost layers at CMC precluded such an approach in this study. A laboratorybased approach also meant it was possible to control the variables in such a way that multiple hypotheses
could be tested concurrently.
Understanding the taphonomy of archaeologically important materials buried in waterlogged guano profiles
is critical to the interpretation of CMC (Fig. 6.2), but the persistence of sulphate minerals has been noted in
other tropical guano profiles at prominent archaeological sites (Wurster et al., 2015; Stephens et al., 2017).
The results of this work, therefore, have relevance beyond CMC. Understanding the extent to which tropical
conditions may affect the rate or nature of changes observed has wide application across tropical zones
(Anderson, 1997; Morley, 2017; Morley and Goldberg, 2017). This guano experiment demonstrates the
value of using a laboratory-based approach to investigate the relationship between environmental
conditions, micromorphological features and post-depositional change for a range of simulated
archaeological contexts. The scope of this the experiment was limited in terms of duration and the number
of variables, so the dataset generated may be informative about the effects of microenvironmental
conditions, but not prevailing climate (Section 5.5).
Waterlogging and sedimentary environments
The results of the guano experiment indicate that waterlogging of guano deposits may have a profound
effect on the nature of sedimentary environments that develop, preventing acidification of the sediment,
which is a process typically associated with decomposing guano (Shahack-Gross et al., 2004; Wurster et al.,
2015; Karkanas, 2017).
Bacteria played a dominant role in the formation of sedimentary environments, with the role of sulphate
reducing bacteria (SRB) immediately apparent through the production of a strong, faecal odour,
characteristic of hydrogen sulphide (Muyzer and Stams, 2008). The role of SRB was also indicated by
precipitation of potassium sulphate crystals on dried guano samples; these became increasingly well
developed as the experiment progressed (Fig. 5.3). The sedimentary environments that developed followed
accepted biogeochemical models developed for hydric soils, becoming alkaline and extremely reducing
within the first month (Kögel-Knabner et al., 2010). An increase in measured electroconductivity over time
indicated the presence of more mineral salts in solution as the experiment progressed.
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Figure 6.2 (previous page): Summary and comparison of features observed in the lowermost layers at CMC (McAdams et al., 2020),
and those observed in the guano experiment (Chapter 5). (a) Thin-section photomicrograph of phosphate mineral concentrations
(MM3A, PPL). Taken from McAdams et al., 2020; (b) Thin section photomicrograph of guano, white arrows mark blackening organic
matter (EX24, PPL); (c) Thin-section photomicrograph of gypsum nodule. White arrow marks gypsum crystals (MM3C, XPL). Taken
from McAdams et al., 2020; (d) Photograph of potassium sulphate crystals, marked by white arrows, precipitated on excavated and
dried sediment (EX16); (e) Thin-section photomicrograph of bone pseudomorph. White arrows mark recrystallised bone mineral
(MM3A, XPL). Taken from McAdams et al., 2020; (f) Electron photomicrograph of fish bone. White arrows mark areas of bone
mineral recrystallisation (EX24); (g) Thin-section photomicrograph of bone exterior surface. White arrows mark areas of dissolution,
recrystallisation and authigenic mineral precipitation (EX18, PPL); (h) Thin-section photomicrograph of bone mineral pseudomorph.
White arrows mark ragged and enlarged structural features (MM3A, PPL). Taken from McAdams et al., 2020; (i) Thin-section
photomicrograph of bone exterior surface. White arrows mark ragged and deformed structural features (EX12, PPL); (j) Thin-section
photomicrograph of phosphatised carbonate sand. White arrows mark banded mineral reaction rim (MM3B, PPL). Taken from
McAdams et al., 2020; (k) Isotropic calcium phosphate reaction rim, marked by white arrows (EX24, PPL); (l) Thin-section
photomicrograph of dusty, partly phosphatised clays throughout groundmass, marked by white arrows (MM3B, XPL). Taken from
McAdams et al., 2020; (m) Electron photomicrograph of finely dispersed aluminosilicates and phosphates, marked by white arrows,
between clay aggregate and fish vertebra (EX18); (n) Thin-section photomicrograph of cracked and weathered clay aggregate,
marked by white arrow (MM3C, PPL). Taken from McAdams et al., 2020; (o) Thin section photomicrograph of clay aggregate. Yellow
dashed line marks zone of weakly-expressed surface weathering (EX6, XPL); (p) Thin-section photomicrograph of groundmass, white
arrows mark concentrations of amorphous organic matter (MM3B, PPL). Taken from McAdams et al., 2020; (q) Thin-section
photomicrograph of bamboo fragment. White arrows mark areas of decomposition (EX18, XPL); (r) Thin-section photomicrograph of
bamboo charcoal. White arrows mark material infilling pores, similar to that observed in charcoal weathered in ashy environments
(EX18, PPL). PPL, plane-polarised light, XPL, cross-polarised light.
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Alterations to buried materials
Interestingly, despite the basic sedimentary environment in the waterlogged guano samples kept under
simulated tropical conditions (Sections 5.5.2–5.5.3), diagenetic changes rapidly affected the buried bone,
carbonate rock and clay. The mechanisms driving these changes remain unclear, but the results indicate
that the developing chemical environments and microbial action were both important factors. Based on the
characterisations of sedimentary environments from the guano experiment, the extent of diagenetic
changes affecting the buried materials was unexpected. Nonetheless, the micromorphological features bore
some striking similarities to clastic material from LSU B at CMC (Section 5.5.6; Fig. 5.28), which suggests that
such features may be useful indicators of such burial environments. Further high-resolution characterisation
is needed, however, to understand the precise nature and mechanisms of these mineralogical and
taphonomic changes.
Faunal remains
The post-depositional changes affecting both mammal and fish bones were rapid, extensive and extremely
varied. Importantly, optical microscopic analysis of the excavated assemblages proved relatively
uninformative, with the nature of these taphonomic and diagenetic alterations revealed only when using
thin-section analysis and SEM techniques. While the analytical methods employed in this study are wellsuited to histological analysis of post-depositional alterations to bone, the mechanisms behind these
changes remain obscure and the alteration features observed are distinct from those reported in other
studies (section 5.5.2). Variation in alteration features between and within individual experimental samples
indicates that chemical diagenesis, microbial bioerosion and collagen hydrolysis may all play a role in the
destruction of buried biominerals. Of particular interest are the unique combinations of
micromorphological features associated with recrystallisation of bone mineral to gypsum and a range of
silica-containing mineral species (Section 5.5.2). These unexpected results and their variability between and
within samples are an indication of the complexity and diversity of microenvironmental conditions that may
develop within cave sediments and they highlight the pitfalls of constructing overly simplistic explanatory
models to explain diagenetic change in the burial environment environment.
Mineral materials
Perhaps the most unexpected diagenetic changes, and the most difficult to explain, are the pronounced
alterations to the excavated mineral materials from the guano experiment. Clay minerals weathered and
interacted with other materials, particularly bone (section 5.5.3). Bacteria may have played a role in these
processes, either directly through respiratory processes, or indirectly by concentrating reactive compounds
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on their surfaces (Konhauser and Urrutia, 1999). Understanding clay diagenesis was, however, impacted by
the inability to excavate hydrated clay aggregates from the wet sediment and because multi-element
characterisation alone is not conducive to understanding phyllosilicate chemistry. Targeted spectroscopic
analysis of clays preserved in thin-section should be a priority of future studies.
Carbonates in the guano experiment were altered to calcium phosphates, forming a reaction rind that is
typically considered indicative of an acidic burial environment (Goldberg and Sherwood, 2006; Mallol and
Goldberg, 2017; Morley et al., 2019). It is difficult to explain the occurrence of such features within a basic
sedimentary environment. They may relate to the respiratory activities of microbes, and the resultant
formation of physical and chemical microenvironments, some of which are acidic, but it is also possible that
they are a result of the high levels of phosphorous and carbon dioxide in solution within experimental
samples, leading to formation of bicarbonate and calcium phosphate.
Organic materials
Changes affecting buried bamboo fragments were consistent with organic decay in waterlogged
environments (Sandak et al., 2016); bamboo is not expected to be retrieved from Pleistocene cave sites in
MSEA. The alterations affecting charcoal in the guano experiment, however, remain little understood and,
due to variations between samples, it is unclear how micromorphological features relate to either sample
preparation or post-depositional change in the burial environment (Section 5.5.4). Charcoal chemistry is
complex and further work on this experimental assemblage will seek to characterise the precipitates that
were detected on internal voids using targeted spectroscopic techniques of analysis, such as Raman
microscopy and FTIR microscopy. The precipitates look similar to the limpid clays produced when charcoal
weathers in the caustic environments that form in fresh ash deposits (Huisman et al., 2012). But the
mechanical damage observed in the guano experiment samples, affecting charcoal fragments as a result of
shrink-swell processes, suggests that such material is unlikely to survive repeated wet/dry cycles.
Environmental factors and the nature and pace of site formation processes
The results of this experiment indicate that simulated tropical conditions may have a profound effect on the
rate of change of a variety of archaeologically significant materials in the early stages of burial. However,
differences in the nature of alterations affecting excavated assemblages buried in the control samples
(EX25–33) relate primarily to microenvironmental factors, particularly burial medium and redox
environment, rather than simulated climate (section 5.5.5). The extent to which diagenetic changes had
progressed in EX1–24 compared to waterlogged guano kept at room temperature (EX27) does not exclude
the possibility that different suites of features could develop in each after a longer period of burial; changes
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in the waterlogged guano under tropical conditions were so pronounced after one month of burial that
further work is needed to understand the initial stages of diagenetic and taphonomic change under such
conditions. Of special interest is the effect that guano had as a diagenetic accelerant, even when other
environmental conditions prevented the processes of sediment acidification typically used to explain guanodriven diagenesis (Shahack-Gross et al., 2004; Karkanas, 2017).
The guano experiment represents an important, if small, step forwards in simulating the effects of tropical
climate on site formation processes in archaeological cave sites. This work has demonstrated the value of
taking such a laboratory-based, experimental approach to answering related questions concerning
diagenetic alterations in guano-rich environments, but understanding these relationships more fully will
require longer-term experiments.
Summary
The experiments performed here have demonstrated that waterlogging can result in distinct processes of
diagenetic change within guano profiles. The hypothetical burial environment provides simulated the suites
of features observed in LSUs A and B at CMC and provides a explanatory model that may be applicable to
other sites with similar suites of features. This study has yielded useful information regarding the
taphonomic effects of such sedimentary environments on a range of archaeological materials, which is a
valuable prerequisite to understanding the archaeological record at CMC. It also raises further questions
about the importance of microbial degradation and respiratory processes in the earliest stages of postdepositional change in guano deposits, previously identified as a research priority by Karkanas (2017).
In terms of understanding the effects of tropical conditions upon archaeological site formation processes in
caves, this work has helped quantify the influence that raised temperatures and humidity may have on
diagenesis in the burial environment in tropical zones. Most of the results relate to differences in
microenvironmental conditions rather than prevailing climate, highlighting the importance of micro-scale
analyses to glean insights. This experiment is built on previous studies using a geo-ethnoarchaeological
approach, both to answer site-specific questions and understand general patterns of change. In doing so
this work has demonstrated the benefits of making laboratory-based reconstructions to recreate
micromorphological features in thin-section samples to interpret those observed in field contexts.

6.3 Implications and significance of this thesis
The work carried out in this thesis has addressed the two original research aims, but important questions
persist. These relate both to the settlement and subsistence strategies of MSEA’s Pleistocene inhabitants,
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and to the nature of the archaeological site formation processes that have acted upon the cave sediments
in this tropical region.
Can modern geoarchaeological methods to assist in the interpretation of MSEA’s Pleistocene
archaeological cave sediments?
The detailed record of sedimentation and post-depositional modification that was obstained through
geoarchaeological investigations at CMC illustrates the power of a microstratigraphic approach to cave
sediment interpretation. These results underscore the benefits of incorporating geoarchaeological methods
into archaeological investigations, particularly those that target the complex, polygenetic sediments typical
of cave sequences. The value of a multi-proxy approach has also been demonstrated. While thin-section
analysis provides the basis for microstratigraphic interpretation, many of the inferences made in this study
would not have been possible without also incorporating a range of complementary mineralogical and
geochemical techniques. These allowed for a more definitive identification of the features observed in thinsection, and a more secure extrapolation from micromorphological observations to provide a holistic
explanation of site stratigraphy. Finally, integration of this geoarchaeological approach with the
geochronological methods, tailored to the environmental conditions and complexity of the investigated site,
provided a robust chronology for CMC that allowed this site to be incorporated into wider, regional
narratives of Pleistocene archaeological and palaeoecological change.
By teasing apart the anthropogenic and environmental signals for this complex sequence of polygenetic
sediments, a long-term record of human-environment interactions was produced for region. The CMC
record suggests that, before the development of a shellfish-gathering economy, intensive occupation of this
upland landscape was restricted to periods of warmer and wetter conditions during MIS 3. The period
between about 30 and 19 ka (MIS 2) was characterised by relatively arid and unstable conditions, during
which the cave was inhabited only sporadically by humans. After ~19 ka, major subsistence change
occurred, centred around mollusc-gathering; this change was associated with an intensification of
occupation that persisted through a period of extreme environmental change (Viet, 2008; Mai Huong and
Van Hai, 2009).
The extent of post-depositional bioturbation and diagenetic change that affected the sediments at CMC
complicated their interpretation, even with a full battery of geoarchaeological techniques. Although
uncertainties over site formation processes persist, the guano experiment has helped with interpretations
of site microstratigraphy, past sedimentary environments and assemblage taphonomy even though some of
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the results obtained run counter to other models proposed for diagenesis of guano-rich deposits at
archaeological sites.
How have tropical environmental conditions affected the sedimentary records of archaeological cave sites
in MSEA?
The results of the geoarchaeological investigations at CMC and the laboratory-based geoethnoarchaeological experiments carried out in this thesis show clearly that hot and humid conditions have
acted as an accelerant on post-depositional diagenetic and taphonomic processes in cave sediments. The
general classes of post-depositional process recognised in these field and experimental studies generally
conform to those reported for higher-latitude contexts, but the extent and pace of diagenetic change can be
far greater under tropical climatic conditions. The results of this thesis suggest that site- and sample-specific
microenvironmental factors are the dominant control on the nature of sedimentary environments that
develop and the resulting diagenetic changes, with broader climatic conditions playing a lesser role.
A key finding of this study is the prominence of microbial activity as a taphonomic agent under tropical
conditions; microbial activity could be a major factor determining the preservation of bone in the humid
tropics. The actions of soil fauna were not incorporated into the design of the guano experiment, but the at
CMC indicated that bioturbation is also a factor worthy of further investigation.

6.4 Further work
The results of the work reported in this thesis have highlighted many remaining uncertainties that are
deserving of future research attention. A number of priority areas for further investigation are suggested
below.
6.4.1

Understanding the late Pleistocene prehistory of North Vietnam and mainland Southeast Asia

The record generated from CMC may form the basis of future research hypotheses about late Pleistocene
settlement and subsistence dynamics in the region, but there is a need to expand the small sample size by
applying similar methods to other sites. It remains unclear how the phases of human occupation at CMC
relate to the complex history of dispersals and population replacements in the region inferred from
archaeogenetic research, and the wealth of sites preserved in North Vietnam’s karst landscapes require a
targeted program of geochronological and geoarchaeological research to more fully understand the
processes that drove demographic, settlement and subsistence changes in the late Pleistocene.
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Prime targets may be other cave sites within Cúc Phương National Park, which offer the chance to explore
how variations in the chronology and mode of occupation of sites are related to ecological factors, such as
vegetation, altitude and proximity to rivers. Prominent sites that exist in other areas of North Vietnam and
the wider region may also offer attractive targets for such investigations, particularly cave and rockshelter
sites that contain archaeological materials in phases predating midden accumulation, such as at Ngườm
rockshelter. While these Pleistocene layers are generally characterised as lithics suspended within geogenic
sediments, microstratigraphic methods may offer insights into assemblage taphonomy and diagenetic
changes and indicate whether the preserved records are a true reflection of the original mode of
occupation or a result of post-depositional changes in the burial environment.
6.4.2

Understanding site formation processes in the tropics

Developing a greater understanding of archaeological site formation processes in tropical zones requires the
collection of additional reference data from field and experimental contexts. The geo-ethnoarchaeological
work carried out in this thesis has built upon previous work and demonstrated the power of this approach
to test specific hypotheses related to site formation processes. The guano experiment has generated a large
dataset tailored to a very specific set of environmental conditions that may exist at many tropical cave sites.
Where problems of interpretation arise in geoarchaeological site studies that are similar to those
encountered at CMC, a geo-ethnoarchaeological approach may offer an avenue for understanding
micromorphological features, geochemical signatures and assemblage taphonomy for complex, polygenetic
sedimentary records.
6.4.3

Additional work on the experimental and archaeological assemblages from this thesis

The specificity of the environmental conditions investigated in the geo-ethnoarchaeological experiment
conducted in this thesis places limits on its application to understanding tropical conditions more broadly.
Additionally, while the range of analytical techniques employed meant that alterations affecting buried
faunal remains could be relatively well-characterised and understood, those affecting buried clay aggregates
and charcoal fragments, in particular, remain poorly resolved. The assemblages generated through this work
provide an opportunity to apply additional techniques to obtain a fuller understanding of the postdepositional changes that affected materials in the burial environment. For the materials in EX1–24,
applying spatially-resolved spectroscopic techniques to investigate the structural chemistry of alteration
features observed in thin-section would be a useful first step. Similarly, for samples control EX25–33, the
application of the full range of techniques applied to EX1–24 may help to understand the differences in
diagenetic and taphonomic processes that were observed in each of those samples, and how they relate to
microenvironmental and reconstructed climatic conditions.
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6.4.4

Further field studies and experimental work

The rapidity of changes observed in EX1–24 suggests that a further set of similar experiments, designed to
resolve the very earliest stages of post-depositional change may prove illuminating. Further work should
also employ higher-resolution methods of characterising sedimentary environments, as the results of the
guano experiment suggest that the methods used in this study may have obscured the effects of
sedimentary microenvironments and steep geochemical gradients caused by microbial action.
The results of investigation at CMC and the guano experiment suggest that microbial degradation of
biominerals is a prominent taphonomic process under tropical conditions, but that the features observed
do not conform to those typically associated with bioerosion. These microbial communities apparently
remove bone from stable, dry, carbonate-rich sediments, but leave little other evidence of post-depositional
change. Understanding such processes may benefit from field-based experimental studies at tropical cave
sites, as those experimental conditions would be less difficult to replicate than a waterlogged guano
deposit. The actions of microbial communities were evidently a dominant control on the formation of
sedimentary environments in the guano experiment, but the precise role of microbes in the processes of
diagenetic change that affected faunal remains and mineral materials in EX1-24 remains obscure.
There remains an acute need to understand the effects of faunal communities (including soil fauna and
other invertebrates, mesofauna and macrofauna that may inhabit the caves) more generally on the
stratigraphy of archaeological cave sites, and on the preservation of materials of archaeological interest in
North Vietnam and MSEA. A priority should be to characterise the faunal communities in these caves, but
experimental work can also help illuminate precisely how faunal life-cycles may impact archaeological
interpretations (Jouquet et al., 2002; Jouquet et al., 2005).

6.5 Concluding remarks
The work carried out in this thesis was designed to contribute to the understanding of the Pleistocene
prehistory of Vietnam, and MSEA more broadly, that has been gleaned through decades of archaeological
investigation by Vietnamese and Southeast Asian archaeologists, and their international collaborators. The
work in this thesis was also designed to add to the small-but-growing body of geoarchaeological research
that seeks to understand the post-depositional diagenetic and taphonomic processes that affect tropical
cave sediments.
The record of human-environment interactions reported for CMC (McAdams et al., 2020) demonstrates that
geoarchaeological methods can generate new insights into the deep human past, even at archaeological
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sites where post-depositional diagenetic change is extensive. The history of human occupation at CMC was
evidently complex, and current evidence indicates that Vietnam was an important conduit for hominin
dispersal during the late Pleistocene, and possibly earlier. But the record from CMC indicates that the
settlement of that region was a non-linear process and Pleistocene inhabitants of MSEA likely expanded and
contracted in response to changing environmental conditions.
The guano experiment provided a means of assessing unusual features discovered in a guano layer at CMC,
generating a reference dataset for use in the interpretation of palaeoenvironmental change and assemblage
taphonomy at that site. While the guano experiment focussed on a limited number of variables, associated
with very specific environmental conditions, the methodological innovations of that study provide a way of
observing the development of micromorphological features as a time-series dataset. This approach allows
an assessment of the relationship between unexplained features observed in field studies and past
environmental processes with a high degree of confidence. It is hoped that, where similar situations arise in
future, researchers may employ similar methods to bolster their interpretations of sediment
microstratigraphy and past environmental change.
Together, the geoarchaeological methods employed in this thesis represent a holistic approach to site
interpretation and the testing of related hypotheses. Many questions remain, regarding both the history of
human evolution and dispersals in SEA, and the details of the geomorphic processes that are active in
tropical caves. The studies contained in this thesis have demonstrated that valuable insights can be gained
from the application of modern geoarchaeological approaches, particularly those centred around
microstratigraphic analysis of thin-section samples, and it is hoped that such methods will continue to form
part of archaeological investigations in this region. It is also hoped that future work in this region may lead
to a more effective integration between the archaeological evidence and the complex narratives generated
by archaeogenetics, and a fuller understanding of the developments in subsistence and settlement patterns
that are already recognised in the archaeological record.
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Chapter 8.

Appendix 1 – Con Moong Cave (Chapter 4)
supplementary materials

8.1 Guide to appendix 1
This appendix contains supplementary materials from the geoarchaeological investigations at Con Moong
Cave, North Vietnam that are detailed in chapter 4 and McAdams et al. (2020). Sections 8.2 and 8.3 were
written by Dr Xiao Fu and Dist. Prof. Richard G. Roberts, they provide details of the dating methods and
detailed results of the OSL and Radiocarbon dating analyses that were carried out as part of this study.
Section 8.4 provides a bibliography of works that are cited in Sections 8.2 and 8.3. Tables 8.1–8.5 and
figures 8.1–8.3 were also created by Dr Xiao Fu and Dist. Prof. Richard G. Roberts to provide further
information related to dating at Con Moong Cave.
Table 8.6 was prepared by Conor McAdams and provides a summary of the results of thin-section
microstratigraphic analyses that were carried out at Con Moong Cave.

8.2 Optically stimulated luminescence (OSL) dating
A total of 14 sediment samples were dated in this study (Tables 8.2–4), comprising 12 samples collected in
2014 from stratigraphic units B to S (samples CMC14-3 to -20) and two samples collected in 2018 from unit
F (samples CMC18-1 and -2). The OSL samples were collected at night under safe (dim red) light conditions
or during the daytime using stainless steel tubes; in both cases, the section face was first cleaned before
sampling. At each OSL sample location, separate sediment samples were collected and sealed in plastic ziplock bags for moisture content determination and dose rate measurement in the laboratory. The OSL
samples were prepared under dim red light in the Luminescence Dating Laboratory at the University of
Wollongong, using the same procedures as described by Galbraith et al. (1999), including etching of the
separated quartz grains with 40% hydrofluoric acid to remove their outer, alpha-dosed rinds. Grains of 180–
212 μm in diameter were used for equivalent dose (De) determination.
De values were estimated using a single-aliquot regenerative-dose procedure (Galbraith et al., 1999; Murray
and Wintle, 2000), using the OSL IR depletion ratio test (Duller, 2003) to identify and reject quartz grains
containing infrared-sensitive inclusions (e.g., feldspars). Table 8.1 lists the procedural steps used in this
study. Individual quartz grains were mounted on 1 cm-diameter aluminium discs drilled with a 10 × 10 array
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of holes, each 300 μm deep and 300 μm in diameter (Bøtter-Jensen et al., 2003). OSL measurements were
carried out on a Risø DA-20 TL/OSL reader using a focussed 10 mW green (532 nm) laser for optical
stimulation and an Electron Tubes Ltd 9235QA photomultiplier tube (fitted with a 7.5 mm Hoya U-340 filter)
for OSL detection. The OSL signals were measured at a readout temperature of 125 °C and recorded for 2 s.
The net OSL signals for De estimation were calculated from the counts in the initial 0.2 s of OSL decay, with
the mean count over the final 0.3 s subtracted as background. A preheat of 240 °C for 10 s and a cutheat of
200 °C were given prior to the optical stimulations, based on the results of dose recovery tests (Galbraith et
al., 1999) for three of three samples (Fig. 8.1). This combination yielded ratios of measured dose to given
dose close to unity (0.96–1.01) and low ‘overdispersion’ values (5–7%) for the dose distributions (Galbraith
et al., 2005). The rejection criteria of Jacobs et al. (2006, 2008) were applied to discard grains with aberrant
luminescence characteristics (Table 8.2), which may result in inaccurate De estimates. The resulting De
distributions have overdispersion values of between 17% and 60% and are spread around a central value
(Fig. 8.2). There are no obvious clusters or other patterns in the distributions of De values that suggest the
samples suffered from partial bleaching or post-depositional disturbance resulting in discrete De
components (Jacobs and Roberts, 2007; Roberts et al., 2015b), so the central age model (Galbraith et al.,
1999; Galbraith and Roberts, 2012) was used to calculate the weighted mean De of each sample for
purposes of age determination.
The beta dose rates of all samples were measured using a Risø GM-25-5 beta counter (Bøtter-Jensen and
Mejdahl, 1988) using the procedures described in Jacobs and Roberts (2015). We also measured the beta
dose rates of 11 of the 14 samples using inductively-coupled plasma mass spectrometry/optical emission
spectroscopy, to compare the beta dose rates calculated from the concentrations of the parent nuclides in
the U and Th decay chains and of K (each measured separately), with the beta dose rates derived from beta
counting, which detects the beta emissions from the U and Th chains and 40K combined. The beta dose rates
obtained using the two techniques (both measured on dried and powdered samples) are consistent at
either 1σ or 2σ (Fig. 8.3) for all 11 samples. This implies that any disequilibrium in the U and Th chains is not
a significant issue for our samples, and provides confidence in the reliability of the beta dose rate estimates.
The gamma dose rates of all samples were measured in the field using an ORTEC digiDART gamma-ray
spectrometer. Cosmic-ray dose rates were evaluated following Prescott and Hutton (1994), taking into
account the site latitude, longitude and altitude, as well as the thickness of the rock shielding (~50 m) and
sediment overburden.
Allowance was made for attenuation of the external components of the total dose rate (beta, gamma and
cosmic) due to the presence of moisture in the sediments, using the measured (field) moisture contents and
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the attenuation factors reported by Nathan and Mauz (2008) and Readhead (1987). Dose rate details are
given in Table 8.3. The moisture contents were determined from sediment collected from the back of the
OSL sampling holes and measured shortly after collection to avoid desiccation during storage. We assigned
a relative error of ± 25% (at 1σ) to these measured values to accommodate (at 2σ) any likely fluctuations in
the mean long-term moisture content over the period of burial of our samples, given the humid tropical
environment of North Vietnam and the udic soil moisture regime of the region (United States Department
of Agriculture, 1997; O’Geen, 2012). Climate-driven variations in soil moisture will be smaller in such
environments than in climatic regimes with pronounced wet and dry seasons, and especially in a highhumidity cave setting, such as CMC.
Variability in moisture content can also depend on sediment properties (e.g., Nelson and Rittenour, 2015;
Rosenzweig and Porat, 2015). At CMC, the moisture contents vary markedly among the different samples
(Table 8.3), in accordance with differences in particle size between and within stratigraphic units (Fig.
4.12a,c). The silt- and clay-rich samples commonly have higher moisture contents than do samples with a
greater proportion of sand. The three samples with the highest moisture contents are from unit G (CMC1411, 74%) and the top half of unit B (CMC14-18, 72% and CMC14-19, 64%), both of which are enriched in silt
and clay (Fig. 4.12a,c). The latter two samples overlie CMC14-20, which is also from unit B but has a lower
moisture content (36%), consistent with its higher sand content. For age estimation, therefore, we have
assumed that the field moisture contents of our samples are a reasonable approximation of the long-term
mean values. Support for this assumption is provided by the stratigraphic consistency of the OSL ages and
the correlation between the moisture contents and grain-size characteristics of the CMC samples.
The final OSL ages for all samples are summarised in Table 8.4; the calculated ages increase (or decrease) by
~1% for each 1% increase (or decrease) in moisture content. The ages are mostly in stratigraphic order and
range from ~74 ka (base of unit B) to ~25 ka (units S and Q). The mean age of the sample from unit G (51.3
ka) is older than the mean ages of the three samples from the underlying unit F (40.3–45.4), but all four
estimates are consistent at 2σ; the ‘homogeneity test’ (Galbraith, 2003; Galbraith and Roberts, 2012)
indicates they are compatible with a common value, taking into account the associated age uncertainties (p
= 0.27).

8.3 Radiocarbon dating
Two charcoal samples from units O and R and three freshwater shell samples from units P and T were
submitted to the Radiocarbon Dating Laboratory at University of Waikato for accelerator mass spectrometry
(AMS) radiocarbon (14C) dating. Samples were first inspected under >10× magnification to select the visibly
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cleanest and least diagenetically altered fragments for dating, which were then washed in distilled water
and crushed to increase the surface area for subsequent pretreatment. Charcoal samples were given a
dilute acid / dilute alkali (base) / dilute acid (commonly termed AAA or ABA) pretreament. Freshwater shell
samples were etched with dilute hydrochloric acid to minimise the possibility of contamination through
isotopic exchange between the sample and its environment. The aragonitic shell samples were analysed by
X-ray diffraction prior to dating to ensure that recrystallisation had not occurred. Charcoal samples were
converted to CO2 by oxidation at 800 °C overnight in the presence of pre-baked CuO wire and silver wire.
CO2 was collected from shells by reaction with 85% phosphoric acid under vacuum at 70 °C for ~30 min, and
then reduced to graphite in a hydrogen atmosphere at 550 °C using an iron catalyst. Pressed graphite was
measured at the Keck Radiocarbon Dating Laboratory, University of California, Irvine using an AMS system
coupled to an in-house modified ion source (Beverly et al., 2010), and the data were analysed following
Santos et al. (2007). All 14C results were corrected for fractionation using the δ13C values measured on-line.
Table 8.5 lists the conventional 14C ages for the five samples in radiocarbon years before present (BP, where
the ‘present’ is defined as AD 1950) and as the corresponding calibrated age ranges, expressed in calendar
years BP at the 68.2% and 95.4% confidence intervals. Calibrations were performed using the OxCal 4.2.4
platform (Bronk Ramsey, 2009; Bronk Ramsey and Lee, 2013). A comparison between the calibrated ages,
which range between 22.3 and 19.0 ka BP at the 95.4% confidence interval, and the OSL ages for units Q
and S (24.7 ± 3.2 and 26.0 ± 2.6 ka, respectively, with uncertainties also at the 95.4% confidence interval)
shows that the latter are a few millennia older than the 14C ages, for reasons that are not yet clear. We note,
however, that the OSL age of 24.7 ± 3.2 ka for unit Q is consistent at 2σ with the two of the 14C ages, and
that all five 14C ages and both OSL ages indicate that the upper units of the sampled CMC profile were
deposited mostly during the first half of Marine Isotope Stage 2.
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Table 8.1 Regenerative-dose procedure used for single-grain OSL measurements.

Step a

Treatment

Observed b

1

Natural or regenerative dose

2

Preheat to 240 °C for 10 s

3

Stimulate with infrared LEDs at 50 °C for 100 s

4

Stimulate with green laser at 125 °C for 2 s

5

Test dose

6

Cutheat to 200 °C

7

Stimulate with green laser at 125 °C for 2 s

8

Stimulate with blue LEDs at 250 °C for 40 s

9

Repeat steps 1–8 for several regenerative doses

Ln, Lx

Tn, Tx

a

Step 3 is included only when measuring the OSL IR depletion ratio (Duller, 2003).

b

Ln, OSL signal arising from the natural dose; Lx, OSL signal arising
from each regenerative dose; Tn and Tx, OSL signals arising from
the test doses given in the natural and regenerative-dose cycles,
respectively.
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Table 8.2 Number of individual quartz grains measured and rejected for each OSL sample, and the reasons for their rejection.

Sample

CMC14-3

CMC14-4

CMC14-6

CMC14-8

CMC14-9

CMC14-11

CMC14-12

CMC181

CMC18-2

CMC14-15

CMC1416

CMC14-18

CMC14-19

CMC14-20

Total number of
grains measured

1100

300

400

500

300

2300

500

300

500

500

500

1500

1600

2400

Reason for rejecting grains
Tn < 3σ
background a

807

187

173

131

132

1774

252

116

247

155

115

1077

1092

1722

Tn relative
standard error >
20%

155

54

44

77

64

340

92

78

120

96

36

253

303

497

Recycling ratio ≠ 1
at 2σ

11

10

30

29

8

16

15

12

21

20

93

23

27

32

OSL IR depletion
ratio < 1 at 2σ

4

2

0

7

1

12

5

4

7

8

5

0

27

42

Recuperation > 5%

1

2

0

0

0

6

0

1

6

2

0

4

3

7

Anomalous dose
response

25

12

19

54

14

35

28

23

32

37

39

76

49

51

Saturated grains

2

0

1

7

0

16

17

3

6

57

83

16

37

6

Zero-dose grains

2

0

0

0

0

5

5

3

3

1

1

10

4

16

Sum of rejected
grains

1007

267

267

305

219

2204

414

240

442

376

372

1459

1542

2373
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Sum of accepted
grains
a

93

33

133

195

81

96

86

60

58

Tn, OSL signal measured in response to the test dose given after stimulation of the natural OSL signal (Ln).
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124

128

41

58

27

Table 8.3 Dose rate details for each OSL sample.

Sample
number a

Field sample
code

Stratigraphic
unit

Grain size
(m)

Moisture
content (%) b

Beta dose
rate (Gy/ka) c

Gamma dose
rate (Gy/ka) d

Cosmic-ray dose
rate (mGy/ka) e

Total dose
rate (Gy/ka) f

3

CMC14-3

S

180–212

14

0.72 ± 0.04

0.38 ± 0.02

9±4

1.14 ± 0.04

4

CMC14-4

Q

180–212

17

0.57 ± 0.03

0.35 ± 0.02

9±4

0.96 ± 0.04

6

CMC14-6

M

180–212

20

0.60 ± 0.04

0.42 ± 0.02

8±4

1.06 ± 0.05

8

CMC14-8

L

180–212

16

0.53 ± 0.03

0.47 ± 0.02

8±4

1.04 ± 0.04

9

CMC14-9

K

180–212

23

0.57 ± 0.04

0.35 ± 0.02

8±4

0.96 ± 0.05

11

CMC14-11

G

180–212

74

0.61 ± 0.07

0.42 ± 0.05

5±2

1.06 ± 0.09

12

CMC14-12

F

180–212

34

1.48 ± 0.12

0.63 ± 0.05

7±3

2.15 ± 0.13

23

CMC18-1

F

180–212

32

1.43 ± 0.11

0.89 ± 0.07

7±3

2.36 ± 0.13

24

CMC18-2

F

180–212

37

0.85 ± 0.07

0.66 ± 0.05

7±3

1.55 ± 0.09

15

CMC14-15

D

180–212

44

2.74 ± 0.25

0.97 ± 0.09

5±3

3.75 ± 0.27

16

CMC14-16

C

180–212

49

2.50 ± 0.24

1.00 ± 0.10

5±3

3.53 ± 0.26

18

CMC14-18

B

180–212

72

1.50 ± 0.18

0.74 ± 0.09

4±2

2.27 ± 0.20

19

CMC14-19

B

180–212

64

1.62 ± 0.18

0.80 ± 0.09

5±2

2.46 ± 0.20

20

CMC14-20

B

180–212

36

1.18 ± 0.10

0.96 ± 0.08

6±3

2.17 ± 0.12

a

Corresponds to the sample number shown in Fig. 4.5.

b

Based on the measured (field) moisture content. A relative uncertainty of ± 25% was assigned to this value.

c

Determined using beta-counting, following Jacobs and Roberts (2015).

d

Measured in the field using an ORTEC DigiDART-LF portable gamma spectrometer.

e

Estimated following Prescott and Hutton (1994), accounting for geomagnetic latitude and thickness of sediment

and rock overburden.
f

An assumed internal dose rate of 0.03 ± 0.01 Gy/ka is included in the total dose rate for each sample.
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Table 8.4 Total dose rate, equivalent dose and age estimate for each OSL sample.

Sample
number a

Field sample
code

Stratigraphic
unit

Total dose
rate (Gy/ka)

Number of accepted
/ measured grains

OD (%) b

De (Gy) b

Age (ka) c

CMC14-3

S

1.14 ± 0.04

93 / 1100

17 ± 2

29.6 ± 0.8

26.0 ± 1.3

CMC14-4

Q

0.96 ± 0.04

33 / 300

18 ± 4

24.5 ± 1.1

24.7 ± 1.6

CMC14-6

M

1.06 ± 0.05

133 / 400

31 ± 2

32.7 ± 1.0

30.8 ± 1.7

CMC14-8

L

1.04 ± 0.04

195 / 500

35 ± 2

37.5 ± 1.1

36.0 ± 1.9

CMC14-9

K

0.96 ± 0.05

81 / 300

24 ± 3

40.3 ± 1.4

42.0 ± 2.6

1

CMC14-11

G

1.06 ± 0.09

96 / 2300

44 ± 4

54.5 ± 2.8

51.3 ± 5.2

2

CMC14-12

F

2.15 ± 0.13

86 / 500

39 ± 4

90.7 ± 4.5

42.2 ± 3.3

3

CMC18-1

F

2.36 ± 0.13

60 / 300

40 ± 5

94.8 ± 5.6

40.3 ± 3.3

4

CMC18-2

F

2.17 ± 0.12

58 / 500

35 ± 4

70.2 ± 3.7

45.4 ± 3.7

5

CMC14-15

D

3.75 ± 0.27

124 / 500

39 ± 4

209.4 ± 9.2

55.8 ± 4.8

6

CMC14-16

C

3.53 ± 0.26

128 / 500

34 ± 3

228.5 ± 8.6

64.7 ± 5.5

8

CMC14-18

B

2.27 ± 0.20

41 / 1500

36 ± 6

143.1 ± 10.5

63.0 ± 7.3

9

CMC14-19

B

2.46 ± 0.20

58 / 1600

60 ± 7

156.6 ± 13.7

63.8 ± 7.8

0

CMC14-20

B

2.17 ± 0.12

27 / 2400

52 ± 10

160.6 ± 19.1

73.9 ± 9.9

a

Corresponds to the sample number shown in Fig. 5.

b

Overdispersion (OD) and equivalent dose (De) values calculated using the central age model of Galbraith et al.

(1999).
c

Mean ± standard error (1). A relative error of 2% is included in the age uncertainty to allow for possible bias in

beta-source calibration.
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Table 8.5 Radiocarbon age determinations.

Sample
code

Waikato lab
code

Sample
depth (m)

Stratigraphic
unit

Material

Family

Species

V14-1

WK43309

0.42

T, lower

Whole shell

Viviparidae

Filopaludina boettgeri

V14-2

WK43310

0.53–0.55

R, upper

Charcoal

–

V14-3

WK43311

0.79–0.82

P

Whole shell

V14-4

WK43312

0.79–0.82

P

V14-5

WK43313

0.90–0.95

O

Age (14C yr BP)

Calibrated age range (yr cal BP)
68.2% CI

95.4% CI

15,898 ± 43

19,250-19,060

19,360-18,980

–

17,274 ± 63

20,940-20,710

21,050-20,610

Pachychilidae

Brotia sp.

18,242 ± 55

22,230-21,980

22,320-21,880

Whole shell

Viviparidae

Bellamya quadrata sp.

16,833 ± 48

20,420-20,200

20,500-20,100

Charcoal

–

–

17,922 ± 70

21,910-21,680

22,030-21,550
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CMC14-9

CMC14-12

n = 73

n = 50

Dose recovery ratio = 0.96 ± 0.01

Dose recovery ratio = 1.01 ± 0.02

OD = 5 ± 1 %

OD = 7 ± 2 %

CMC14-15
n = 74
Dose recovery ratio = 0.97 ± 0.02
OD = 7 ± 3 %

Figure 8.1 Results of dose recovery tests for three representative samples, displayed as radial plots (Galbraith et al., 1999).
Individual quartz grains of each sample were first bleached under a solar simulator for 1 hr to reset the natural OSL signals,
and then given a beta dose close to their expected natural De value, to act as a surrogate natural dose. The irradiated grains
were then preheated and measured using the single-aliquot regenerative-dose procedure listed in Table 8.1. The resulting
dose values are shown as filled circles and the grey bands are centred on a dose recovery ratio of unity. Grains with
measured doses equal to the given dose have measured-to-given dose ratios equal to 1. If the measurement errors are
sufficient to account for the observed scatter among the individual dose values at 2σ, then 95% of the data points should
fall within the grey bands. Additional scatter is referred to as ‘overdispersion’ (OD, or σb in the statistical notation of
Galbraith et al., 2005), which ranges between 5 ± 1% and 7 ± 3% for these three samples.

324

325

Figure 8.2 Radial plots of the De distribution for each of the 14 samples. The grey bands are centred
on the weighted mean De values determined using the central age model (Galbraith et al., 1999).
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Figure 8.3 Beta dose rates derived from beta-counting and inductively-coupled plasma mass
spectrometry/optical emission spectroscopy (ICP-MS/OES) for 11 of the OSL samples. Error bars are
at 1σ. For both methods, samples were dried and powdered (to ensure homogeneity) prior to
measurement. The solid line shows the 1:1 ratio and the dashed lines denote deviations of ± 5% from
this ratio.
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Slide

Fabric
Unit/
LSU

Micro-structure

Fabric

Groundmass

Material of biological
origin

Primary Mineral
Components

Authigenic
Minerals

Origin of deposit

Post-depositional
alteration

3A

LSU A

Vughy/ channel

Spongey

Buff/grey brown,
isotropic diamict

Bone/shell
pseudomorphs, guano
from overlying layer
(LSUB)

Varied sedimentary/
metamorphic gravel
clasts (30%), quartz sand

Extensive clast
alteration,
irregular
nodules within
groundmass

Diamict of uncertain origin,
poss. Carnivore occupation
then eroding gravel
deposition

Extensive
bioturbation
carbonate
weathering

Bone/shell
pseudomorphs, guano
derived leachates from
overlying layer (LSUB),
amorphous organic
matter

Sedimentary/
metamorphic gravel
clasts (30%), quartz sand

Extensive clast
alteration,
irregular
nodules within
groundmass

Diamict of uncertain origin,
poss. Carnivore occupation
then eroding gravel
deposition

Extensive
bioturbation.
Carbonate
weathering

Guano

Quartz sand, v. occa
gravel clasts
concentrated towards
lower boundary, clay
aggregates and
translocated dusty clays

Void infills,
nodules within
groundmass,
carbonate
clast alteration

Waterlogged guano,
subsequently oxidised

Gypsum
precipitation,
solute
concentration,
Oxide
precipitation,
extensive
bioturbation,
phosphate
authigenesis

Guano

Quartz sand, v. occa.
gravel clasts
concentrated towards
lower boundary, clay
aggregates and
translocated dusty clays

Void infills,
nodules within
groundmass,
carbonate
clast alteration

Waterlogged guano,
subsequently oxidised

Gypsum
precipitation,
oxide
precipitation,
extensive
bioturbation,
phosphate
authigenesis

Porosity = 30%

3B

LSU A

Vughy/ channel

C/f 50 microns = 10%
Spongey

Porosity = 30%

LSU B

Vughy/ channel

Buff/grey brown,
isotropic diamict

C/f 50 microns = 10%
Spongey

Reddish isotropic
silt/dusty clay with oxide
staining.

Porosity = 40%
C/f 50 microns <2%

3C

LSU B

Vughy/ channel

Spongey,
Laminar fabric
(<5%)

Reddish isotropic
silt/dusty clay with oxide
staining

Porosity = 40%
C/f 50 microns <2%
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2A

LSU B

vughy/channel

Spongey,
Passage
features

(Lowest
fabric
unit)

porosity = 25%

LSU B

Vughy/ channel

Reddish isotropic
silt/clay, Quartz sand
<2%

Guano

Quartz sand, clay

Oxide
hypocoatings,,
varied
phosphate
nodules within
groundmass

Waterlogged guano
deposit, subsequently
oxidised

Extensive
bioturbation,
phosphatic
diagenesis

Guano

Quartz sand, clay

Varied
phosphate
nodules, clay
nodules

Guano deposited in
saturated/extremely wet
conditions with fluctuating
redox environment

Silicate
weathering, Al
phosphate
precipitation,
bioturbation

Quartz sand, clay

Oxide
hypocoatings,,
varied
phosphate
nodules within
groundmass

Waterlogged guano
deposit, subsequently
oxidised

Extensive
bioturbation,

C/f 50 microns <2%

spongey,
nodular

(Middle
fabric
unit)

Porosity = 30%

LSU B

vughy/channel

(Upper
fabric
unit)

porosity = 30%

Nodules within isotropic
silt matrix, clay forming
sub-rounded to
subangular nodules

Siliceous plant-derived
material, diatoms, clay
lined passage features.

C/f 50 microns <2%

spongey

Reddish isotropic
silt/clay, Quartz sand
<2%

Guano

C/f 50 microns <2%
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2B

LSU B

vughy/ channel

spongey

porosity = 30%

Reddish isotropic
silt/clay, Quartz sand
<2%, areas of greyish
isotropic silt/clay <20%
of groundmass grading
towards upper

Guano

Quartz sand, clay

Oxide
hypocoatings,
varied
phosphate
nodules within
groundmass

Waterlogged guano,
subsequently oxidised

Extensive
bioturbation,

Guano,

Quartz sand, clay

Oxide
hypocoatings,,
varied
phosphate
nodules within
groundmass

Guano deposited in very
wet/saturated conditions
with fluctuating redox
conditions

Bioturbation,
silicate
weathering
Taranakite
formation

clay lined passage
features, possible
burrow?

Quartz sand, clay

Varied
phosphate
nodules,
occasional
orthic/anorthic
oxide nodules,
hypocoatings
and oxide
depletion
hypocoatings

Guano deposited in very
wet, oxic environment

Bioturbation,
Silicate
weathering,
taranakite nodule
formation

C/f 50 microns <2%

2C

LSU B

Excremental,
vughy/channel

spongey

Porosity = 30%

Reddish isotropic
silt/clay, Quartz sand
<2%, areas of greyish
isotropic silt/clay <20%
of groundmass grading
towards upper

C/f 50 microns <2%

LSU C

Vughy/ channel

spongey/
nodular

Porosity = 20%

Sand-sized nodules
within isotropic silt
matrix, clay forming subrounded to subangular
nodules

C/f 50 microns <2%

330

1A

Lower, C

vughy/channel,

spongey,
Laminar (10%)

porosity = 20%

Sand-sized nodules
within isotropic silt
matrix, clay forming subrounded to subangular
nodules and
amorphous, laminated
concentrations

siliceous plant-derived
material

Quartz sand, clay

Varied
phosphate
nodules,
amorphous
siliceous void
infills, varied
multi-phase
void infills

Guano deposited in very
wet, oxic environment

Varied
phosphate
nodules,
amorphous
opal void
infills , varied
multi-phase
void infills

Guano deposited in very
wet, oxic environment

Varied
phosphate
nodules,
laminations
and coatings,
silicate void
infills, varied

Guano deposited in very
wet, oxic environment

Bioturbation,
colluviation,
Silicate
weathering,
Taranakite
precipitation,
bioturbation

C/f 50 microns <2%

Upper, C

vughy/channel,

Spongey,
Laminar (10%)

porosity = 20%

Sand-sized nodules
within isotropic silt
matrix, clay forming subrounded to subangular
nodules and
amorphous, quasilaminated
concentrations

siliceous plant-derived
material, occa. Root
pseudomorphs,
unidentified siliceous
aggregates

Quartz sand, clay

Iron replaced root
pseudomorphs,

Quartz sand, clay

Bioturbation,
colluviation,
Silicate
weathering, Al
phosphate
precipitation,
bioturbation

C/f 50 microns <2%

1B

C

vughy/channel,

Spongey.
Laminar (<10%)

porosity = 30%

Sand-sized nodules
within isotropic silt
matrix, dusty clays form
sub-rounded nodules
and amorphous, quasilaminated
concentrations, Quartz
sand (<2%)

siliceous plant-derived
material
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Bioturbation,
colluviation,
Silicate
weathering, Al
phosphate

multi-phase
void infills

precipitation,
bioturbation

C/f 50 microns <2%

1C

C

vughy/ channel,

Spongey

porosity = 30%

Sand-sized nodules
within isotropic silt
matrix, clay forming subrounded to subangular
nodules and
amorphous, laminated
concentrations Quartz
sand

some unusual
aggregates, Iron
replaced root
pseudomorphs, rare
charcoal, fractured insitu

Quartz sand, clay

Organic punctuations,
amorphous oxidised
organic matter, pellety
microaggregates

clay

Sand sized altered bone,
guano

Carbonate sand/gravel,
Quartz sand

Varied
phosphate
nodules,
amorphous
opal void infills
(?), varied
multi-phase
void infills

Guano deposited in very
wet, oxic environment

Bioturbation,
colluviation,
Silicate
weathering, Al
phosphate
precipitation,
bioturbation

C/f 50 microns <2%

LSU D

Vughy/channel

laminar
C/f 50 microns <2%

Guano and translocated
clays deposited in wet
conditions/Standing water,
subsequent drying

Water sorting,
Post depositional
drying/cracking

colluvially deposited
material from guano
mound, accumulation of
auto- and allogenic
material upon moist,
colluvial cave floor
environment

Extensive
bioturbation,
decalcification of
groundmass

Porosity 25%
6A

LSU G

Vughy/channel

Double-spaced
fine enaulic to
gefuric

Reddish brown isotropic
silt and clay, red grading
towards bottom w/ clays

Porosity = 20%
C/f 50 microns = 5%

332

Varied nodules
within
groundmass,
small,
weathered
phosphate
nodules,
anorthic
Fe/Mn
nodules

6B

Lower,

Vughy/channel

LSU H

Spongey to
Double-spaced
fine enaulic

Grey/Brown isotropic
silt w/ sub angular- subrounded clay nodules

Sand sized altered bone

Quartz sand v.
weathered.

Varied nodules
within
groundmass, ,
weathered
phosphate
nodules,
anorthic
Fe/Mn
nodules
concentrated
at upper
boundary,

Decalcification of colluvially
deposited ashy sediment
due to episodic saturation
by phosphate rich
groundwater.

Extensive
bioturbation,
decalcification of
groundmass,
oxide
precipitation

Sand sized altered bone,
fractured in-situ

Micritic calcite ashes,
quartz sand, occa.
Carbonate sand

Quartz sand
concentrations
with oxides,
Nodule w/
reaction rims

Colluvially deposited ashes
with autogenic and
allogenic, carbonate rich
silt.

Extensive
bioturbation,
weathering of
nodules.
Formation of solid
layer from
carbonate
recystallisation

Grey/Brown silt, welded
calcitic b-fabric

Sand-sized altered bone
showing heating,
passage features infilled
w/ phosphatic material,

quartz sand minor
weathering, fractured
clay aggregates, burned
soil aggregates

ashy occupation waste
deposited via slopewash,
accumulation of carbonate
rich auto- and allogenic
material on cave floor

C/f 50 microns = <5%

Ashy dumps

phosphatic
crust formed
at upper
boundary,
oxides
precipitated
below crust,
varied
nodules, minor
angular
charcoal
fragments

Extensive
bioturbation, ash
recrystallisation.
phosphate crust
formed at contact
with overlying
deposit. Quartz
weathering

Porosity = 20%
C/f 50 microns = 2%%

6B

Upper,

Vughy/channel

LSU H

Double-spaced
fine enaulic to
spongey

Porosity = 20%

5A

Lower,

Vughy/ channel

LSU L
Porosity = 15%

Grey/Brown silt, welded
calcitic b-fabric

C/f 50 microns = 5%

Double-spaced
fine enaulic.
Restricted area
of laminations
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Upper,
M

Vughy/ channel

Double-spaced
fine enaulic to
spongey

Pinkish silt, weaklyexpressed stipplespecked b-fabric

Porosity = 15%

Sand-sized cooked
bone; shell, aggregates
of oxidised ironreplaced organic matter,
oxide replaced root
pseudomorphs

Weathered quartz

Calcite
hypocoatings,
Anorthic
nodules,

Guano deposition with
continued colluvial
deposition of carbonate
rich auto- and allogenic
material on cave floor

Extensive
bioturbation,
limited diagenesis,
phosphatisation
of carbonate fines

Oxidised, iron-replaced
organic matter

Quartz sand and fine
gravel showing extensive
weathering, soil
aggregates

Calcite
hypocoatings,
Anorthic
nodules

Guano deposition with
continued accumulation of
carbonate rich auto- and
allogenic material on cave
floor

Extensive
bioturbation,
limited phosphatc
diagenesis

Sand-sized degraded
bone, Microcharcoal,
organic punctuations

Quartz sand

Welded bfabric, passage
features

Syn-depositionally
reworked ashy occupation
waste

Extensive
bioturbation,
cementing of
calcite through
water movement

Sand-sized to gravel
sized shell fragments,
Sand-sized charcoal
fragments, organic
punctuations

Sub-angular coarse
carbonate sand, quartz
sand, burned and
unburned soil
aggregates

NA

accumulation of carbonate
rich auto- and allogenic
material in dusty, cave floor
environment

Limited
bioturbation

C/f 50 microns = 5%

5B

Lower,
M

Vughy/ channel

Spongey

Pinkish silt, weaklyexpressed stipplespecked b-fabric

Porosity = 15%
C/f 50 microns = 5%

Middle,
N

Vughy/ channel

spongey

Porosity = 10%

Upper,
O

Vughy/channel

Porosity = 5%

Grey silt, welded calcitic
b-fabric

C/F 50 microns = 2%

Double-spaced
fine enaulic

Buff-grey silt, stipple
specked b-fabric

C/f 50 microns = 5%
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4A

Lower,

Vughy/ Channel

Double-spaced
fine enaulic

Brown silt, welded
calcitic b-fabric

Q
Porosity = 20%

Upper,

Vughy /Channel

Double-spaced
fine enaulic

Porosity = 20%

Lower,

Vughy /Channel

R

Vughy/Channel,

S

NA

accumulation of carbonate
rich auto- and allogenic
material in dusty, cave floor
environment

bioturbation

Brown silt, welded
calcitic b-fabric

Sand/gravel sized shell
frags, cooked and
uncooked sand-sized
bone, charcoal showing
varied preservation

Carbonate sand/gravel,
quartz sand

Clays within
humified
charcoal, occa.
Calcite
pseudmorphs
of shell

Ashy occupation debris

Bioturbation,
humification

Infrequent Sand sized
shell frags, cooked and
uncooked sand-sized
bone, charcoal (varied
preservation)

Carbonate sand/gravel,
quartz sand, soil
aggregates (occasionally
burned)

Sand sized
irregular
nodules
throughout
groundmass

Cave earth w/
anthropogenic inclusions

Bioturbation

Humified organic
matter, aggregates of
plant pseudomorphs,
occasional charcoal
fragments

Quartz sand, occa.
Coarse carbonate sand
w/ weakly expressed
reaction rims, soil
aggregates

Ashy void
coatings,
calcite
hypocoatings,
irregular
nodules
throughout
groundmass

Decalcified cave earth w/
significant

Bioturbation,
decalcification

C/f 50 microns = <5%

Double-spaced
fine enaulic to
spongey

Porosity = 10%

Upper,

Carbonate sand/gravel,
quartz sand

C/f 50 microns = 10%

R

4B

infrequent sand-sized
shell frags, infrequent
cooked and uncooked
bone, microcharcoal

pinkish silt, welded
calcitic b-fabric

C/f 50 microns = <10%

spongey

Grey-brown and redbrown silt,
undifferentiated b-fabric
with weakly expressed
stipple specked b-fabric
grading upwards

Porosity = 20%
C/f 50 microns = 5%
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guano component, postdepositional carbonate
transport.

Table 8.6 (previous pages): A summary of the results of micromorphological analysis of thin-section samples
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Chapter 9.

Appendix 2: The guano experiment

(Chapter 5) expanded results and supplementary
figures
9.1 Guide to appendix 2
This appendix contains expanded written results (Section 9.2–5) and supplementary figures (Section
9.6) from Chapter 5. Section 11.7 contains Tables 9.1–4, which provide a comparison between the
spectra generated from experimental samples in this study and spectra from the published literature.
This comparison is used to assign peaks to functional groups.

9.2 Observations from excavated samples (EX1–24): expanded results
Mammal bone
Diagenetic alteration of buried pig ribs progressed rapidly and pronounced discoloration was
observed from EX1 onwards (Fig. 9.3). The smooth outer surface of pre-experiment samples (Fig.
9.3a) was destroyed after one month (Fig. 9.3b), but differentiating between similar surface
alterations affecting subsequent samples up to 24 months was impossible from visual inspection
alone (Fig. 9.3c,d,i–l; Table 5.3).
Saw-cut cross-sections reveal progressive patterns of bone degradation, proceeding inwards from
the exterior surface (Fig. 9.3e–h,m–p). In bones from EX1–5(Fig. 9.3f–h), in which degraded cortical
bone penetrates inwards from the exterior surface as the experiment progresses, sometimes
following paths provided by lamellae and haversian canals (Fig. 9.3g). The marrow cavity is visibly
blackened and degraded from EX1 onwards (Fig. 9.3e,f).
Fish vertebrae
Pre-experiment fish vertebrae appeared semitranslucent yellowish to creamy white and had
yellowish-orange collagenous material attached to their exterior (Fig. 9.4a,b). Fish vertebrae from
EX1–24 are blackened and have lost the collagenous material from their exterior (Fig. 9.4c,d). Cracks
and fissures are frequent (Fig. 9.4d–f) and neural spines were lost from almost all excavated samples.
Their fragility meant saw-cut half-sectioning was impossible and the similarity of changes affecting
this material rendered visual assessment of progressive diagenetic change impossible (Table 5.3).
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Fish vertebrae from EX20–24 were associated with small amounts of guano that remained attached
after rinsing (Fig. 9.4g,h).
Carbonate gravel
Pre-experiment carbonate gravel was whitish grey in colour (Fig. 9.5a) and in sample EX1 there was
evidence for slight discolouration affecting <2% of the surface (Fig. 9.5b). Carbonate gravel from EX3
is coated in Fe/ Mn oxides where it protruded into the guano layer (Fig. 9.5c), with a clear boundary
formed at the interface sand deposit (Fig. 9.5d). In later months, although Fe/Mn oxides are less
extensive, sometimes forming a band which is precipitated at the interface between sand and gravel
(Fig. 9.5e,f ; Table 5.3).
In sample EX5 a dark brown mineral coating was associated with the upper surface of the carbonate
gravel and associated guano remained adhered after washing (Fig. 9.5e). Alteration patterns in
following months were similar but not as well-developed (Fig. 9.5f–h).
Carbonate rock from EX16 is capped by a deposit of guano that was not removed by washing (Fig.
9.5i). The upper surface of this carbonate rock fragment displays an irregular, linear pattern of
alteration (Fig. 9.5j), with a lower boundary marked by a banded oxide stain at the position of the
interface between sand and guano (Fig. 9.5j).
Carbonate gravel from EX18 is coated by a brown mineral, although limited areas of apparently
unaltered carbonate (<5%) are observed (Fig. 9.5k), while carbonate gravel excavated EX24 is entirely
coated with a yellowish-brown mineral that is associated with guano (Fig. 9.5l).

9.3 Thin-section micromorphology (EX1–24): expanded results
Mammal bone
After 6 months the exterior surface of the bone appears reddish in PPL (Fig. 9.6a). Near-surface pores
are deformed and enlarged (Fig. 9.6a–c) with guano inside these cavities (Fig. 9.6a–e). Surface
alteration is more pronounced where bone is in contact with guano, also visible within dissolution
features are microcrystalline aggregates (colourless in PPL/third-order, orange-yellow interference
colours in XPL; Fig. 9.6c–f). Spongey bone in the interior is associated with reddish-brown, isotropic
coatings/hypocoating (Fig. 9.6g). b-fabric of mammal bone is mostly undifferentiated (Fig. 9.6d,f),
with <5% preserving the ropy structure typical of bone minerals.
After 12 months, similar but more-developed features are observed. The surface zone of
discoloration deformation and dissolution bone is larger, penetrating ~1 mm towards the centre (Fig.
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9.6i,j). Reddish-brown coatings/hypocoatings with dull-red interference colours in XPL are associated
with deformed haversian canals and dissolution features (Fig. 9.6j–l). Silt-sized birefringent mineral
grains are precipitated within cavities, grading towards the surface of the bone (Fig. 9.6m). Reddish
coatings/hypocoatings of the bones interior are present (Fig. 9.6n), and on the interior surface the
bone mineral is coated with crystalline aggregates (dull grey in PPL with third-order, yellowish orange
interference colours in XPL; Fig. 9.6n–p).
After 18 months there are differences between the left and right-facing sides of the segment of bone
protruding into the guano deposit (Fig. 9.6q–v). The side closest to the fish vertebra and clay
aggregate displays extensive banded disintegration/exfoliation of layers of bone mineral, proceeding
along lamellar layers (Fig. 9.6q). No birefringent mineral grains were observed, but well-expressed
reddish coatings/hypocoatings (isotropic to dull reddish brown in XPL) are associated with degrading
structural features (Fig. 9.6r) with reddening of the bone mineral proceeding inwards from the
surface (dull reddish colours in XPL; Fig. 9.6s).
The side facing away from the fish vertebra shows a similar, but less-pronounced reddening and the
disintegration/dissolution pattern is more irregular, though still clearly associated with structural
features (Fig. 9.6t,u). Whitish crystalline microaggregates with gypsum like interference colours in
XPL are associated with dissolution features (Fig. 9.6v). The lower, interior surface of the bone
displays a ~50 μm reddish-brown coating that is dull reddish brown in XPL (Fig. 9.6w,x).
After 24 months, the bone is discoloured to brownish-red throughout, with banded isotropic
hypocoatings/quasticoatings visible throughout the cortical bone (Fig. 9.6y). Cracking is both parallel
and perpendicular to bone surface and structural features are deformed and degraded (Fig. 9.6y,z).
Amorphous organic material is associated with dissolution features, as are infrequent, colourless
crystalline aggregates (Fig. 9.6aa,bb). The internal, upwards-facing, interior surface of the bone has a
thin Fe/Mn capping mineral and amorphous guano was observed there and under the bone.
Fish bone
After 6 months the fish bone appears dull reddish-brown in PPL and is largely undifferentiated in XPL
(Fig. 9.7a–d) and silt-sized crystals are associated with some bone surfaces (Colourless in PPL, white
in XPL; Fig. 9.7c,d). No part of the fish bone was visible in thin-section EX12 (Fig. 9.7c,d). After 18
months, the fish vertebra displays subtle differences in alteration features between its two sides.
Fracturing and cracking is common, areas of the bone’s interior display dull reddish-brown
interference colours in XPL and guano is visible within internal voids (Fig. 9.7e). Towards the clay
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aggregate, disintegrating sand-sized clay aggregates are associated with the bone surface and with
fine guano (Fig. 9.7f–h). A weakly expressed reaction rim, ~20–50 μm thick, is also associated with
guano fragments and <10 μm microcrystalline aggregates (Fig. 9.7h). Towards the mammal bone the
fish vertebra appears a darker red in colour and its exterior surface is associated with a thin reaction
rim with reddish pink interference colours (Fig. 9.7i,j). Microcrystalline aggregates, similar to those
observed in the mammal bone in EX6 and EX12, are present at the exterior surface, as are weakly
expressed Fe/Mn hypocoatings.
After 24 months, the exterior surface of the fish vertebra facing the clay aggregate is exfoliating
where it is in contact with amorphous, guano-derived organic material (Fig. 9.7k). This area of the
vertebra is associated with pronounced blackening of the bone mineral proceeding inwards from the
surface and a weakly expressed mineral hypocoating with orange/red interference colours (Fig.
9.7k,l). The side of the bone facing the pig rib is apparently associated with a depletion hypocoating,
but no evidence of surface exfoliation or intimate association with guano-derived organic material
(Fig. 9.7m). In XPL a thin, birefringent mineral hypocoating is apparent, while orange/red crystal
aggregates can be observed infilling voids (Fig. 9.7n).
Clay aggregate
Clay aggregates appear as typical dusty clays in thin-section, with a range of inclusions that
incorporates quartz sand, sand-sized charcoal fragments and microcharcoal (Fig. 9.8a,b). After 6
months the clay aggregate is extensively cracked, stained with oxides and a weakly expressed
depletion hypocoating is visible at its outer surface (Fig. 9.8c). After 12 months the optical properties
of the clay aggregates are similar to those in EX6 and a coating of micritic calcite is visible (Fig.
9.8d,e), precipitated on the aggregates exterior. After 24 months the exterior surface of the clay is
disintegrating and this weathering is associated with finely comminuted guano and microcrystalline
aggregates (Fig 9.8f–h).
Carbonate Gravel
A range of weakly developed alteration features affect carbonate gravel in thin-section after 6
months. Surface dissolution is associated with guano and isotropic mineral hypocoatings that contain
sub-rounded sand-sized carbonate fragments and isotropic carbonate pseudomorphs (Fig. 9.9a–d).
These features cover ~10% of the visible surface. A highly weathered quartzose sand grain is welded
to the carbonate rocks exterior via a hypocoating of isotropic mineral (Fig. 9.9e,f).
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After 12 months the carbonate gravels surface is associated with isotropic hypocoatings (Fig. 9.9g–j)
with sand-sized fragments of carbonate rock that are altering to an isotropic mineral, forming weakly
expressed reaction rims. A coating of guano, ~1mm thick, is associated with alteration features on
the upper surface.
After 18 months the upper surface of the carbonate gravel shows extensive alteration around entire
exterior (Fig. 9.9k). Authigenic minerals on the upper surface are associated with fibrous to
amorphous guano. Isotropic mineral pseudomorphs of carbonate crystals are visible, preserving
elements of primary crystal morphology (Fig. 9.9l,m). Irregular and linear alterations are progressing
along joins between carbonate crystals (Fig. 9.9n).
After 24 months carbonate gravel displays a relatively well-developed reaction rim, with replacement
by isotropic minerals, around its entire exterior. This reaction rim is associated with guano (Fig.
9.9o,p). Isotropic pseudomorphs of carbonate crystals are visible throughout the reaction rim and
linear/irregular alteration features are frequent and better developed than in previous samples (Fig.
9.9q,r).

9.4 Targeted mineralogical and geochemical characterisation of buried materials:
expanded results
Mammal bone
BSEM of bone from sample EX1 reveals an exfoliation-like weathering pattern, in which the exterior
surface of the bone is peeling off along planes of weakness associated with structural features (Fig.
9.10a). In sample EX3 a similar pattern is observed, bone degradation and dissolution follows
lamellae to form parallel solution/degradation features (Fig. 9.10b), while pores are enlarged and
deformed throughout the analysed area.
As the experiment progressed other alteration features were revealed. BSEM of sample EX5 revealed
spatial variation in bone mineral density and authigenic mineral replacement (Fig. 9.10c). SEM-EDS
suggests the areas of reduced density are associated with calcium leaching (Figs 9.10d,e; Appendix 3
Section 10.1) and that bone mineral is associated with irregularly shaped, authigenic silica-containing
mineral grains, including some almost pure silica grains and some crystals that contain significant
proportions of Ca, P and Si (Fig. 9.10f,g).
BSEM analysis of sample EX12 reveals further development of dissolution/degradation features (Fig.
9.10h). SEM-EDS revealed that some siliceous materials were contained within enlarged voids,
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including one elongate crystal (Fig. 9.10h; Appendix 3 Sections 10.2–3). On the upwards-facing,
interior surface of the bone, crystalline aggregates were observed (Fig. 9.10i,j) corresponding to
those in thin-section (Fig. 9.6n–p). SEM-EDS analysis indicates these crystals predominantly consist
of calcium phosphate, but some also contain significant proportions of Si (Appendix 3 Section 10.4).
Visible in sample EX18 are distinct zones of alteration, corresponding to those observed in thinsection analysis (Section 4.3). The side facing the fish vertebra and clay aggregate displays dissolution
features following the boundaries between lamellae (Fig. 9.11a), but also significant areas of
replacement of bone mineral recrystallisation and replacement with silica-bearing minerals (Fig.
9.11a,b). While these areas are concentrated at the degrading surface, they are also associated with
deformed and degraded interior pores (Fig. 9.11b). The other side of the bone in sample EX18 is
affected by spatially varied reduction in mineral density, associated with a lower Ca/P ratio measured
in bone mineral (Fig. 9.11c). There is little apparent relationship between the bone mineral
degradation observed in this area and the bone’s structural features (Fig. 9.11d). Patterns of
alteration observed in EX24 are similar, but more pronounced (Fig. 9.11e,f).
Fish vertebrae
In EX3 using BSEM reveals recrystallisation of bone mineral around internal fractures resulting in
neoformed crystals up to 30 μm (Fig. 9.12a). Towards the exterior of the bone, zones of reduced
mineral density are noted, however, a 20 μm thick band of denser mineral is associated with the
exterior surface (Fig. 9.12a). The fish vertebra from sample EX5 displays extensive cracking (Fig.
9.12b) and towards the clay aggregate sections of the bone mineral have been replaced with
secondary minerals that incorporate Al, Si and K (Fig. 9.12b–f). This mineral replacement is observed
both at the exterior surface of the bone and around internal voids.
Bone mineral recrystallisation is extensive in the fish vertebra from EX18 (Fig. 9.12g,h), particularly in
the portion of vertebra closest to the clay aggregate. EDS indicates neoformed crystals have varying
elemental signatures, but frequently contain high proportions of Si (Appendix 3 Section 10.5). Where
the clay aggregate and the fish vertebra can be observed together a zone of fish vertebra
demineralisation can be observed, and SEM-EDS results, while variable, indicate that this area is
associated with Ca depletion and Si and Al substitution into the bone mineral (Fig. 9.12i–m).
Between the clay aggregate and the bone is a zone of finely dispersed aluminosilicates and
phosphate minerals (Fig. 9.12i). Further away from the clay aggregate dissolution of the bone
mineral can be clearly observed (Fig. 9.12n) and is associated with replacement by silica-rich
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minerals (Fig. 9.12o). In sample EX24 recrystallisation is extensive and spatially varied. The side of the
fish vertebra that is closest to the pig rib is extensively replaced with gypsum crystals (Fig. 9.12p–t),
which infill internal voids and form pseudmorphs of recrystallised bone mineral aggregates (Fig.
9.12u). The side of the vertebra facing the clay aggregate also shows evidence for extensive
dissolution and recrystallisation of bone mineral, however, where authigenic mineral replacement is
occurring in this zone it is predominantly by authigenic Si bearing minerals (Fig. 9.13a–f). However, Si
and Al bearing authigenic minerals are also observed replacing bone minerals in some zones of the
fish vertebra adjacent to the pig rib (Fig. 9.13g–k).
Carbonate gravel
BSEM analysis of carbonate gravel from EX1 reveals a generally well-preserved surface with fine sand
to silt-sized carbonate particles adhered (Fig. 9.14a). In some areas the outer surface is replaced by
secondary minerals, with linear alterations proceeding along planes of weakness between crystals
(Fig. 9.14b–d). EDS suggests the authigenic mineral is a calcium phosphate, presumably amorphous
apatite. Where a silicate sand fragment is near the carbonate gravel (Fig. 9.14e) there is an
associated zone of recrystallisation (Fig. 9.14f) and secondary minerals within the carbonate gravel
contain Si (Fig. 9.14g,h).
Throughout all following samples phosphatic reaction rims develop alongside less-well-developed
secondary silicate minerals, or minerals containing Si, P and Ca with transition metals. In EX18 the
calcium phosphate reaction rim is ~500 μm thick (Fig. 9.14i,j) and is less electron-dense than the
unaltered carbonate crystals (Fig. 9.14i–l). The reaction rim is also associated with silica-bearing
minerals replacing carbonates (Fig. 9.14i) and biomorphic mineral precipitates (Fig. 9.14l). Patterns of
alteration in EX24 are similar, however, the calcium phosphate reaction rim is better developed at
this stage (Figs 9.14m–p; 11.15a) and less electron-dense silica-bearing minerals replacing carbonate
crystals are associated with the phosphatised reaction rim (Fig. 9.15b–e).
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9.5 Observations from excavated control samples
EX25: dry guano kept in oven
Bone recovered from EX25 was mostly well-preserved with a substantial area of decomposition on
one end (Fig 9.18a) and whitish, powdery deposits on the exterior (Fig. 9.18b). The excavated fish
vertebra was discoloured to reddish-orange and though it preserved much of its external collagenous
material there was visible evidence of decay and fungal hyphae in some areas (Fig. 9.18c,d).
Bamboo was well-preserved, but some mould was detected along with surface discoloration and
peeling. Charcoal was very well-preserved, with ash still attached and no alteration was noted
affecting carbonate gravel.
EX26: dry guano kept out of oven
The bone excavated from EX26 had fungal hyphae attached to most of its visible surface (Fig. 9.18e)
and whitish, powdery deposits were common (Fig. 9.18f). The excavated fish vertebra’s surface was
obscured by fungal hyphae (Fig. 9.18g). No alteration was noted to the clay aggregate or charcoal.
The bamboo fragment was affected by mould, surface discolouration and limited peeling of the
exterior surface, while the carbonate gravel’s upper surface was subject to limited brownish
discoloration (Fig. 9.18h)
EX-27: wet guano out of oven
Pig rib from EX27 was stained a deep reddish-brown, with similar but less-pronounced alterations to
those observed in EX1–24 (Fig. 9.18i). The exterior surface, preserved in places, is visibly exfoliating
from the bone underneath (Fig. 9.18j). The fish vertebra is stained grey-black and all exterior
collagenous material has been removed (Fig. 9.18k). While bamboo is relatively well-preserved,
charcoal excavated from EX27 is warped and fractured (Fig. 9.18l). Carbonate gravel displays patchy,
brownish discoloration on its upper surface.
EX28: dry sand kept in oven
The pig rib excavated from EX28 was colonised by fungus across much of its surface (Fig. 9.18m).
Exposed areas show red/brown discoloration indicative of oxide precipitation (Fig. 9.18n). The fish
vertebra from EX28 was covered with fungal hyphae that obscured the bone mineral surface (Fig.
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9.18o). Bamboo and charcoal fragments, along with carbonate gravel, were well-preserved, with no
visible alterations noted.
EX29: dry sand out of oven
The pig rib from EX39 was mostly well-preserved, with some areas of fungal attack and reddish
discoloration. The fish vertebra was covered in fungal hyphae (Fig. 9.18p), but in areas where bone
mineral is exposed it is visibly cracked and exfoliating, with powdery white deposits on the surface
(Fig. 9.18q). No changes were observed affecting the clay aggregate, charcoal or carbonate gravel,
but the bamboo fragment was associated with patches of black mould and some peeling of the
exterior surface.
EX30: wet sand in oven
Pig rib excavated from EX30 was discoloured to a creamy yellow and affected by some pitting across
its surface (Fig. 9.18r). The fish vertebra had all collagenous material removed from its surface and
was similarly discoloured. Carbonate gravel was stained with patches of reddish orange oxide
formation (Fig. 9.18s), while bamboo was blackened and affected by peeling across much of its
surface (Fig. 9.18t,u). Peeling and bubbling on the surface of the charcoal may relate to its
manufacture. The clay aggregate was coloured greyish brown.
EX31: wet sand kept out of oven
Pig rib excavated from EX31 was discoloured to a creamy yellow and affected by some pitting across
its surface. The fish vertebra also had collagenous material removed from its surface and was stained
a similar creamy yellow colour (Fig. 9.18v). Bamboo was blackened and affected by peeling across
much of its surface and the clay aggregate was coloured greyish brown, but no changes were
observed affecting charcoal or carbonate gravel.
EX32: exposed in oven
Changes to archaeological analogues were virtually absent in EX32, restricted to a reddish
discoloration of the collagenous material surrounding the fish vertebra (Fig. 9.18w).
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EX33: exposed out of oven
The pig rib and fish vertebra in EX33 were colonised by fungi and completely covered in fungal
hyphae (Fig. 9.18w). These were much more developed than in other samples (Fig. 9.18y,z) and
those from the fish vertebra were attached to the clay aggregate, which was otherwise unchanged.
The bamboo fragment was slightly spotted with mould, but no changes were observed affecting
charcoal or carbonate rock.
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9.6 Supplementary figures

Figure 9.1 (a) Flatbed scan of thin-section sample EX6A; (b) Flatbed scan of thin-section sample EX6B; (c) Flatbed scan of
thin-section sample EX12A; (d) Flatbed scan of thin-section sample EX12B; (e) Flatbed scan of thin-section sample EX18A;
(f) Flatbed scan of thin-section sample EX18B; (g) Flatbed scan of thin-section sample EX24A; (h) Flatbed scan of thinsection sample EX24B. In all panels “1” marks mammal bone, “2” marks fish bone, “3” marks clay aggregate, “4” marks
bamboo charcoal fragment, “5” marks bamboo wood fragment and “6” marks carbonate gravel
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Figure 9.2 (previous page; a) Photomicrograph of guano from sample EX11 after excavation and air-drying. Red arrow marks
whitish microcrystals precipitated on fibrous organic matter; (b) Photomicrograph of guano from sample EX11 after
excavation and air-drying. Red arrow marks whitish concentration of microcrystals precipitated on fibrous organic matter;
(c) Photomicrograph of white and yellow crystals (marked by red arrow) precipitated on excavated guano from sample EX16
after air drying; (d) Photomicrograph of white and yellow crystals (marked by red arrow) precipitated on guano from
sample EX16 after excavation and air drying; (e) Scatterplot showing measured pH of waterlogged guano layers from EX0–
24, excavated over the course of 24 months; (f) Scatterplot showing measured redox potential (ORP) of waterlogged guano
layers from EX0–24, excavated over the course of 24 months (R2=0.05, P=0.15); (g) Scatterplot showing measured
electroconductivity of waterlogged guano layers from EX0–24, excavated over the course of 24 months (R2=0.11, P=0.12);
(h) Scatterplot showing results of loss-on-ignition analysis at 350 °C (LOI 350 °C), carried out on waterlogged guano layers
from EX0–24 (R2=-0.03, P= 0.60); (i) Scatterplot showing results of LOI 450 °C, carried out on waterlogged guano layers from
EX0–24 (R2= 0.22, P= 0.01); (j) Scatterplot showing results of LOI 550 °C, carried out on waterlogged guano layers from EX0–
24 (R2= 0.23, P= 0.01); (k) Scatterplot showing results of LOI 1050 °C, carried out on waterlogged guano layers from EX0–24
(R2= -0.01, P= 0.38); (l) Scatterplot showing results of LOI 350 °C, carried out on sand layers from EX0–24 (R2= 0.08, P= 0.38);
(m) Scatterplot showing results of LOI 450 °C, carried out on sand layers from EX0–24 (R2= -0.01, P= 0.41); (n) Scatterplot
showing results of LOI 550 °C, carried out on sand layers from EX0–24 (R2= - 0.11, P= 0.12); (o) Scatterplot showing results
of LOI 1050 °C, carried out on sand layers from EX0–24 (R2= 0.11, P= 0.12)
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Figure 9.3 (a) Photomicrograph of exterior surface of mammal bone (EX0); (b) Photomicrograph of exterior surface of
mammal bone. Note discolouration and surface pitting (EX1); (c) Photomicrograph of exterior surface of mammal bone
(EX3); (d) Photomicrograph of exterior surface of mammal bone (EX5); (e) Photomicrograph of saw-cut mammal bone
(EX0); (f) Photomicrograph of saw-cut mammal bone. Red arrows marks blackened areas of degraded bone proceeding
from exterior surface and marrow cavity (EX1); (g) Photomicrograph of saw-cut mammal bone. Red arrows mark deformed
pores at exterior surface of bone (EX3); (h) Photomicrograph of saw-cut mammal bone (EX5); (i) Photomicrograph of
exterior surface of mammal bone (EX6); (j) Photomicrograph of exterior surface of mammal bone (EX12); (k)
Photomicrograph of exterior surface of mammal bone (EX18); (l) Photomicrograph of exterior surface of mammal bone
(EX24); (m) Photomicrograph of saw-cut mammal bone (EX6); (n) Photomicrograph of saw-cut mammal bone (EX12); (o)
Photomicrograph of saw-cut mammal bone (EX18); (p) Photomicrograph of saw-cut mammal bone (EX24)
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Figure 9.4 (a) Photomicrograph of fish vertebra. Red arrows mark translucent collagenous material (EX0); (b)
Photomicrograph of fish vertebra (EX0); (c) Photomicrograph of fish vertebra. Red arrows mark exposed bone mineral
where collagenous material has been removed (EX1); (d) Photomicrograph of fish vertebra. Red arrow marks blackened
area (EX1); (e) Photomicrograph of fish vertebra (EX12); (f) Photomicrograph of fish vertebra (EX12); (g) Photomicrograph
of fish vertebra. Red arrows mark guano associated with surface (EX24); (h) Photomicrograph of fish vertebra. Red arrows
mark guano on surface after rinsing with water (EX24)
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Figure 9.5 (a) Photomicrograph of carbonate gravel (EX0); (b) Photomicrograph of carbonate gravel (EX1); (c)
Photomicrograph of carbonate gravel, red arrows mark sharp boundary of Fe/Mn oxide precipitation that has occurred in
the portion of gravel that protruded into the waterlogged guano (EX3); (d) Photomicrograph of carbonate gravel. White
arrows mark concentrations of quartz sand grains welded to the carbonate rock by precipitating Fe/Mn oxides (EX3); (e)
Photomicrograph of carbonate gravel. Red arrows mark sharp boundary of a zone of authigenic mineral formation which
protruded into the waterlogged guano deposit (EX5); (f) Photomicrograph of carbonate gravel. Red arrows mark a
concentration of precipitated oxides associated with the stratigraphic boundary between the sand and guano deposits,
white arrows mark brownish authigenic minerals precipitated on upper surface of the rock that are associated with guano
(EX6); (g) Photomicrograph of carbonate gravel. Red arrows mark areas of brownish authigenic mineral precipitation that
are associated with guano on upwards-facing surface (EX6); (h) Photomicrograph of carbonate gravel. Red arrows mark
areas of brownish authigenic mineral precipitation that are associated with guano on upwards-facing surface (EX12); (i)
Photomicrograph of carbonate gravel. Red arrows mark guano welded to the carbonate rock by authigenic minerals formed
on upwards-facing surface (EX16); (j) Photomicrograph of carbonate gravel. Red arrow marks guano welded to the
carbonate rock by authigenic minerals formed on upwards-facing surface. White arrows mark banded concentration of
Fe/Mn oxides precipitated at stratigraphic boundary between underlying sand and overlying guano deposits. Blue arrows
mark irregular pattern of alteration to authigenic mineral across carbonate rock surface (EX16); (k) Photomicrograph of
carbonate gravel showing brownish authigenic mineral precipitation associated with guano across surface (EX18); (l)
Photomicrograph of carbonate gravel showing brownish authigenic mineral precipitation associated with guano across
surface (EX24)
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Figure 9.6 (previous page; a) Photomicrograph of mammal bone in thin-section, showing reddish “reaction rim” and
dissolution features on exterior surface (EX6, PPL); (b) Photomicrograph of mammal bone in thin-section, showing
association between fibrous guano, marked by yellow arrows, and the exterior surface, marked by white arrows. Red
arrows mark greyish microcrystalline aggregates within dissolution features (EX6, PPL); (c) Photomicrograph of mammal
bone in thin-section, showing dissolution features at the exterior surface, which is marked by a white arrow. Red arrow
shows greyish microcrystalline aggregates within dissolution features (EX6, PPL); (d) As in panel c (EX6, XPL); (e)
Photomicrograph of mammal bone in thin-section, showing association between fibrous and amorphous guano and the
exterior bone surface, marked by a white arrow. Red arrow shows colourless microcrystalline aggregates (EX6, PPL); (f) As in
panel e (EX6, XPL); (g) Photomicrograph of mammal bone in thin-section, white arrows mark coatings on interior spongey
bone (EX6, PPL); (h) As in panel g (EX6, XPL); (i) Photomicrograph of mammal bone in thin-section. Red arrows mark extent
of reddish reaction rim/hypocoating on outer surface, associated dissolution features and evidence of mineral replacement
and authigenesis (EX12, PPL); (j) As in panel i, red arrow marks area of dull, reddish interference colours (EX12, XPL); (k)
Photomicrograph of mammal bone in thin-section, showing dissolution features associated with surface alteration. Red
arrows mark hypocoatings associated with deforming bone structural features. White arrow marks fibrous guano (EX12,
PPL); (l) Photomicrograph of mammal bone in thin-section, showing dissolution features associated with surface alteration.
Red arrows mark coatings/hypocoatings associated with bone structural features, white arrows mark associated
concentrations of amorphous guano (EX12, PPL); (m) As in panel l, blue arrows show microcrystalline aggregates associated
with solution features (EX12, XPL); (n) Photomicrograph of mammal bone in thin-section. Red arrow marks interior surface
of bone at marrow cavity. White arrow marks angular mineral grain on interior surface. Blue arrow marks greyish
microcrystalline aggregates. Yellow arrow marks reddish-brown hypocoatings associated with spongey bone sections (EX12,
PPL); (o) As in panel n (EX12, XPL); (p) Photomicrograph of mammal bone in thin-section. Red arrows mark microcrystalline
aggregates precipitated on interior surface (EX12); (q) Photomicrograph of mammal bone in thin-section, showing area of
bone closest to buried fish vertebra and clay aggregate. Red arrows mark hypocoatings/quasicoatings that are associated
with deforming lamellae (EX18, PPL); (r) Photomicrograph of mammal bone in thin-section, showing side of bone closest to
buried fish vertebra and clay aggregate. White arrows mark deformed/ragged pores. Red arrows mark mineral
coatings/hypocoatings associated with bone structural features including lamellae and pores (EX18, PPL); (s) As in panel r.
Blue arrows mark inward extent of area displaying dull red interference colours (EX18, XPL); (t) Photomicrograph of
mammal bone in thin-section, showing side of bone furthest from buried fish vertebra and clay aggregate. White arrow
marks reddish reaction rim, red arrows mark deformed structural features of bone (EX18, PPL); (u) Photomicrograph of
mammal bone in thin-section, showing side of bone furthest from buried fish vertebra and clay aggregate. White arrow
marks reddish reaction rim, red arrows mark deformed pores (EX18, PPL); (v) Photomicrograph of mammal bone in thinsection, showing side of bone furthest from buried fish vertebra and clay aggregate. White arrow marks dull red
hypocoating, red arrows mark birefringent mineral grains around surface (EX18, XPL); (w) Photomicrograph of mammal
bone in thin-section, red arrow marks interior surface of bone associated with reddish-brown hypocoating. White arrow
marks buff to colourless mineral grain (EX18, PPL); (x) As in panel w, (EX18, PPL); (y) Photomicrograph of mammal bone in
thin-section, yellow arrows mark brownish red quasicoatings (EX24, PPL); (y) Photomicrograph of mammal bone in thinsection, yellow arrows mark deforming and degraded structural elements (EX24, PPL); (z) Photomicrograph of mammal
bone in thin-section, yellow arrows mark deforming and degraded structural elements (EX24, PPL); (aa) Photomicrograph of
mammal bone in thin-section. Yellow arrows mark deforming and degraded structural elements. White arrows mark
amorphous guano associated with dissolution features. Blue arrow marks a colourless mineral grain that is birefringent in
XPL (EX24); (bb) As in panel aa (EX24, XPL). PPL, plane-polarised light. XPL, cross-polarised light
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Figure 9.7 (a) Photomicrograph of fish vertebra in thin-section. Red arrows mark guano associated with the surface (EX6,
PPL); (b) As in panel a, note wholly undifferentiated b-fabric (EX6, XPL); (c) Photomicrograph of fish vertebra in thin-section.
Red arrow mark position of crystals, colourless in PPL, on surface (EX6, PPL); (d) As in panel c, note strong birefringence of
crystals in XPL (EX6, XPL); (e) Photomicrograph of fish vertebra in thin-section. Red arrow marks guano within internal cavity
of the bone (EX18, PPL); (f) Photomicrograph of fish vertebra in thin-section, marked with white arrows, showing side
closest to clay aggregate. Red arrows mark quartz sand, blue arrows mark fibrous guano and yellow arrows mark clay
aggregate (EX18, PPL); (g) As in panel f (EX18, XPL); (h) Photomicrograph of fish vertebra in thin-section, taken from side
closest to clay aggregate. White arrows mark weakly expressed hypocoating, red arrow marks clay aggregate and blue
arrows mark fibrous guano (EX18, XPL); (i) Photomicrograph of fish vertebra in thin-section, marked with white arrows,
showing side closest to pork bone. Red arrows mark quartz sand and blue arrows mark guano. Yellow arrows mark
amorphous organic material associated with irregular alteration of exterior surface of fish vertebra (EX18, PPL); (j) As in
panel i, note birefringent coating/hypocoating associated exterior surface and amorphous guano (EX18, XPL); (k)
Photomicrograph of fish vertebra in thin-section, marked with white arrows. Yellow arrows mark guano, blue arrows mark
hypocoating associated with exterior surface (EX24, PPL); (l) As in panel k (EX24, XPL); (m) Photomicrograph of fish vertebra
in thin-section, marked with white arrows. Red arrows mark fibrous guano, blue arrows mark area of pronounced surface
alteration, possibly a depletion hypocoating (EX24, PPL); (n) As in panel m, note pronounced difference in optical properties
associated with zone of surface alteration marked by blue arrows (EX24, XPL). PPL, plane-polarised light, XPL, crosspolarised light
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Figure 9.8 (a) Photomicrograph of clay aggregate in thin-section, marked by yellow arrows. Blue arrow marks fish vertebra
(EX6, PPL); (b) As in panel a. Note interference colours typical of dusty clays (EX6, XPL); (c) Photomicrograph of clay
aggregate in thin-section. Yellow dashed line marks extent of weakly expressed Fe/Al depletion hypocoating (EX6, XPL); (d)
Photomicrograph of clay aggregate in thin-section. Yellow arrows mark micritic to sparitic calcite precipitated on exterior
surface (EX12, XPL); (e) Photomicrograph of clay aggregate in thin-section. Yellow arrows mark micritic to sparitic calcite
precipitated on exterior surface (EX12, XPL); (f) Photomicrograph of clay aggregates in thin-section, marked by yellow
arrows. Red rectangle marks extent of panels g, h. Blue arrows mark guano (EX24, PPL); (g) Photomicrograph of clay
aggregate in thin-section. Yellow arrows mark fragments of amorphous guano associated with weathering surface of clay
aggregate. Blue arrow marks potential neoforming mineral associated with disintegrating clay and amorphous guano (EX24,
PPL); (h) As in panel g (EX24, XPL)
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Figure 9.9 (previous page; a) Photomicrograph of carbonate gravel in thin-section. Red arrow marks area of carbonate
dissolution associated with amorphous guano (EX6, PPL); (b) As in panel a (EX6, XPL); (c) Photomicrograph of carbonate
gravel in thin-section. Red arrows mark areas where carbonate minerals are altering and dissolving, blue arrows mark
associated concentrations of amorphous guano (EX6, PPL); (d) As in panel c (EX6, XPL); (e) Photomicrograph of carbonate
gravel in thin-section. Red arrows mark areas where carbonate minerals are disintegrating (EX6, XPL); (f) Photomicrograph
of carbonate gravel in thin-section. Red arrow marks weathered quartz sand welded to surface of carbonate gravel, blue
arrow marks underlying zone of carbonate alteration (EX6, XPL); (g) Photomicrograph of carbonate gravel in thin-section.
Blue arrows mark incipient reaction rim, where carbonates are partially replaced by authigenic minerals (EX12, PPL); (h) As
in panel g (EX12, XPL); (i) Photomicrograph of carbonate gravel in thin-section. Red arrows mark oxide concentration within
incipient reaction rim, where carbonates are partially replaced by authigenic minerals (EX12, PPL); (j) As in panel i (EX12,
XPL); (k) Photomicrograph of carbonate gravel in thin-section. Red arrows mark upper surface which is associated with a
reaction rim of authigenic mineral formation and concentrations of guano and guano (EX18, PPL); (l) Photomicrograph of
carbonate gravel in thin-section. White arrows mark authigenic mineral pseudomorphs of carbonate crystals (EX18, PPL);
(m) As in panel l (EX18, XPL); (n) Photomicrograph of carbonate gravel in thin section. Red arrows mark incipient linear
alteration, indicating authigenic mineral precipitation between carbonate crystals (EX18, PPL); (o) Photomicrograph of
carbonate gravel in thin-section, showing a reaction rim formed on the gravel’s exterior. Red arrows mark authigenic
mineral pseudomorphs of carbonate crystals, blue arrows mark outer layer of guano (EX24, PPL); (p) As in panel o (EX24,
XPL); (q) Photomicrograph of carbonate gravel in thin-section, showing varied patterns of alteration and mineral
replacement. Red arrows mark authigenic mineral pseudomorphs of carbonate crystals, blue arrows mark linear alterations
following interstitial space between crystals (EX24, PPL); (r) As in panel q (EX24, XPL)
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Figure 9.10 (previous page; a) Electron photomicrograph of mammal bone. Red arrows mark dissolution features
associated with zone of surface alteration. Blue arrows mark pores that have been enlarged and deformed (EX1); (b)
Electron photomicrograph of mammal bone. Red arrows mark enlarged voids associated with zone of surface alteration
(EX3); (c) Electron photomicrograph of mammal bone. Red arrows mark dissolution features associated with zone of
surface alteration. Yellow dashed line marks approximate extent of zone of reduced bone mineral density, blue arrows
indicate silicate minerals within area of degraded bone mineral (EX5); (d) Qualitative scanning electron microscopy-energy
dispersive spectroscopy (henceforth EDS) map of area shown in panel c, indicating relative concentration of calcium (Ca);
(e) EDS map of area shown in panel c, indicating relative concentration of phosphorous (P); (f) EDS map of area shown in
panel c, indicating relative concentration of silica (Si); (g) Electron photomicrograph of mammal bone, showing crystals
around void at the boundary of zone of reduced mineral density marked in panel c. Blue arrows mark crystals with higher
proportions of Si than Ca or P, identified through EDS (Appendix 3 Section 10.1). Red arrows mark aggregates identified as
containing Si in lower proportions than Ca or P (EX5); (h) Electron photomicrograph of mammal bone, showing alterations
affecting exterior surface closest to clay aggregate. Extensive dissolution and recrystallization is apparent, blue arrow marks
elongate siliceous aggregate within dissolution feature, red arrows mark clay aggregates (EX12); (i) Electron
photomicrograph of mammal bone showing crystalline aggregates, marked with red arrow, deposited on upwards facing
interior surface. EDS (Appendix 3 Section 10.3) suggests the crystalline aggregates contain Ca, P and occasionally Si (EX12,);
(j) Electron photomicrograph of mammal bone showing crystalline aggregates, marked with red arrow, deposited on
upwards facing interior surface. EDS (Appendix 3 Section 10.3) suggests the crystalline aggregates contain Ca, P and
occasionally Cl and Si (EX12)
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Figure 9.11 Electron photomicrograph of mammal bone showing alterations affecting exterior surface closest to fish
vertebra and clay aggregate. Red arrows mark zone of pronounced recrystallization towards exterior (EX18); (b) Electron
photomicrograph of mammal bone showing zone of pronounced recrystallization marked in panel a. Red arrows mark
crystalline aggregates containing Si, Ca and P identified by electron density scanning EDS. Blue arrow marks a siliceous
aggregate (EX18); (c) Electron photomicrograph mammal bone showing alterations affecting exterior surface furthest from
fish vertebra and clay aggregate (EX18); (d) Electron photomicrograph of mammal bone showing alterations affecting
exterior surface furthest from fish vertebra and clay aggregate (EX18); (e) Electron photomicrograph of mammal bone
showing exterior surface alongside that of the fish vertebra. Fish vertebra is marked with red arrows. Areas of
recrystallization of mammal bone are marked with blue arrows (EX24); (f) Electron photomicrograph of mammal bone
showing area of recrystallization marked in panel e. Red arrows mark crystalline aggregates containing Si, as identified by
EDS (Appendix 3 Section 10.4; EX24)
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Figure 9.12 (previous page; a) Electron photomicrograph of fish vertebra. Red arrows mark zone of recrystallization, blue
arrows mark zone of reduced mineral density (EX3); (b) Electron photomicrograph of fish vertebra. Red arrows mark areas
of bone mineral replacement (EX5); (c) EDS map of area shown in panel b, indicating relative concentration of P; (d) EDS
map of area shown in panel b, indicating relative concentration of potassium (K); (e) EDS map of area shown in panel b,
indicating relative concentration of Aluminium (Al); (f) EDS map of area shown in panel b, indicating relative concentration
of Si; (g) Electron photomicrograph of fish vertebra. Note extensive recrystallization of bone mineral crystallites to irregular
crystals up to 50 μm (EX18); (h) Electron photomicrograph of fish. Note extensive recrystallization of bone mineral
crystallites to irregular crystals up to 50 μm (EX18); (i) Electron photomicrograph of fish vertebra and clay aggregate. Red
arrows mark exterior zone of reduced mineral density in fish vertebra, blue arrows mark weathered areas at edge of clay
aggregate. White arrows mark zone of finely dispersed clays and phosphates (EX18); (j) EDS map of area shown in panel i,
indicating relative concentration of Ca; (k) EDS map of area shown in panel i, indicating relative concentration of P; (l) EDS
map of area shown in panel i, indicating relative concentration of Si; (m) EDS map of area shown in panel i, indicating
relative concentration of Al; (n) Electron photomicrograph of fish vertebra. Red arrows mark zone of reduced bone mineral
density (EX18); (o) Electron photomicrograph of fish vertebra showing zone of reduced mineral density marked in panel n.
Red arrows mark siliceous aggregates precipitated within bone mineral (Appendix 3 Section 10.6), identified through EDS
(EX18); (p) Electron photomicrograph of fish vertebra showing side closest to mammal bone. Red arrows mark
concentrations of authigenic sulphate minerals (EX24); (q) EDS map of area shown in panel p, indicating relative
concentration of P; (r) EDS map of area shown in panel p, indicating relative concentration of Ca; (s) EDS map of area shown
in panel p, indicating relative concentration of sulphur (S); (t) EDS map of area shown in panel p, indicating relative
concentration of Si; (u) Electron photomicrograph of fish vertebra showing side closest to mammal bone. Red arrows mark
concentrations of acicular authigenic sulphate minerals (EX24)
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Figure 9.13 (a) Electron photomicrograph of fish vertebra showing extensively recrystallised portion closest to clay
aggregate (EX24); (b) Electron photomicrograph of fish vertebra showing portion closest to clay aggregate, where bone
mineral crystallites have recrystallised to form irregular crystals up to 50 μm. Irregular crystals marked with red arrow
(EX24); (c) EDS map of area shown in panel b, indicating relative concentration of P; (d) EDS map of area shown in panel b,
indicating relative concentration of Ca; (e) EDS map of area shown in panel b, indicating relative concentration of Si; (f) EDS
map of area shown in panel b, indicating relative concentration of Al; (g) Electron photomicrograph of fish vertebra showing
portion closest to mammal bone (EX24); (h) Electron photomicrograph of fish vertebra showing portion closest to mammal
bone. Red arrow marks aluminium oxide formation (EX24); (i) EDS map of area shown in panel h, indicating relative
concentration of Ca; (j) EDS map of area shown in panel h, indicating relative concentration of Si; (k) EDS map of area
shown in panel h, indicating relative concentration of P; (k) EDS map of area shown in panel h, indicating relative
concentration of Al
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Figure 9.14 (previous page; a) Electron photomicrograph of carbonate gravel. Red arrows mark fine sand and silt sized
carbonate particles associated with exterior surface, a result of crushing/manufacture (EX1); (b) Electron photomicrograph
of carbonate gravel. Red arrows mark calcium phosphate surface alteration, blue arrows mark linear alteration of calcite to
calcium phosphate (EX1); (c) EDS map of area shown in panel b, indicating relative concentration of Ca; (d) EDS map of area
shown in panel b, indicating relative concentration of P; (e) Electron photomicrograph of carbonate gravel, showing
possible interaction between silicate sand (blue arrow) and carbonate gravel (red arrow, EX1); (f) Electron photomicrograph
of carbonate gravel, showing possible interaction between silicate sand (blue arrow) and carbonate gravel (red arrow),
yellow arrows mark potential silicates replacing carbonates (EX1); (g) EDS map of area shown in panel e, indicating relative
concentration of Ca; (h) EDS map of area shown in panel e, indicating relative concentration of Si; (i) Electron
photomicrograph of carbonate gravel. Red arrows show preserved carbonate crystals, blue arrows mark areas of silicabearing minerals replacing calcite, yellow arrows mark areas of carbonate dissolution and calcium phosphate precipitation
(EX18); (j) Electron photomicrograph of carbonate gravel. Red arrows mark area of carbonate preservation, yellow dashed
line marks approximate boundary of carbonate dissolution and secondary mineral formation (EX18); (k) Electron
photomicrograph of carbonate gravel. Yellow dashed line marks approximate boundary of reaction rim caused by calcium
phosphate replacing calcite. Red arrows mark linear alteration, where calcium phosphates are replacing calcite through the
carbonate rocks interior (EX18); (l) Electron photomicrograph of carbonate gravel, yellow dashed line marks boundary
between preserved carbonates and authigenic phosphates. Red arrows mark potentially biomorphic mineral precipitates
(EX18); (m) Electron photomicrograph of carbonate gravel. Red arrows mark preserved carbonate, yellow dashed line marks
approximate boundary of reaction rim caused by calcium phosphate replacing calcite, areas enclosed by red dashed lines
are pseudomorphs of carbonate crystals, replaced by siliceous and phosphatic minerals or mineraloids (EX24); (n) EDS map
of area shown in panel m, indicating relative concentration of Ca; (o) EDS map of area shown in panel m, indicating relative
concentration of P; (p) EDS map of area shown in panel m, indicating relative concentration of Si
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Figure 9.15 (a) Electron photomicrograph of carbonate gravel. Yellow dashed line marks approximate boundary between
area of carbonate preservation and amorphous calcium phosphate reaction rim. Red arrows mark oddly shaped phosphatic
aggregate (EX24); (b) Electron photomicrograph of carbonate gravel. Yellow dashed line marks approximate boundary
between area of carbonate preservation and amorphous calcium phosphate reaction rim. Areas enclosed by red dashed
lines have been replaced by siliceous and phosphatic minerals or mineraloids. Red arrows mark quartz/silicate mineral sand
(EX24); (c) EDS map of area shown in panel b, indicating relative concentration of P; (d) EDS map of area shown in panel b,
indicating relative concentration of Ca; (e) EDS map of area shown in panel b, indicating relative concentration of Si
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Figure 9.16 (a) Graph showing calcium carbonate to phosphate ratios of mammal bone excavated from samples EX1–24
(R2=0.12, P=0.09); (b) Graph showing Infrared splitting factor of mammal bone excavated from samples EX1–24 (R2=0.11,
P=0.61)
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Figure 9.17 (a) Graph showing calcium carbonate to phosphate ratios of fish bone excavated from samples EX1–24
(R2=0.12, P=0.09); (b) Graph showing Infrared splitting factor of fish bone excavated from samples EX1–24 (R2=0.11, P=0.61)
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Figure 9.18 (previous page; a) Photomicrograph of mammal bone. Red arrows mark blackened/rotted rotted area (EX25:
dry guano kept in oven); (b) Photomicrograph of mammal bone. Red arrows mark blackened/rotted rotted area, blue
arrows mark white, powdery deposits (EX25: dry guano kept in oven); (c) Photomicrograph of fish vertebra. White arrows
mark fungal hyphae associated with decaying collagenous material (EX25: dry guano kept in oven); (d) Photomicrograph of
fish vertebra (EX25: dry guano kept in oven); (e) Photomicrograph of mammal bone. Red arrows mark areas of fungal
growth, blue arrows mark white, powdery deposits (EX26: dry guano kept out of oven); (f) Photomicrograph of mammal
bone. Blue arrows mark whitish, powdery deposits (EX26: dry guano kept out of oven); (g) Photomicrograph of fish
vertebra, covered in fungal hyphae (EX26: dry guano kept out of oven); (h) Photomicrograph of carbonate gravel. Blue
arrows mark brown patches on upwards facing surface (EX26: dry guano kept out of oven); (i) Photomicrograph of mammal
bone. Blue arrows mark peeling exterior surface (EX27: wet guano kept out of oven); (j) Photomicrograph of mammal bone.
Blue arrows mark peeling exterior surface (EX27: wet guano kept out of oven); (k) Photomicrograph of fish vertebra. Note
blackening and removal of collagenous material (EX27: wet guano kept out of oven); (l) Photomicrograph of bamboo
charcoal. Blue arrows mark area of warping (EX27: wet guano kept out of oven); (m) Photomicrograph of mammal bone.
Blue arrows mark patches of mould/fungus associated with blackening and possible authigenic mineral formation (EX28:
dry sand kept in oven); (n) Photomicrograph of mammal bone. Blue arrows mark patches of mould/fungus associated with
blackening and possible authigenic mineral formation (EX28: dry sand kept in oven); (o) Photomicrograph of fish vertebra
covered in fungal hyphae with sand grains attached. Blue arrows mark where orange/red bone mineral is visible (EX28: dry
sand kept in oven); (p) Photomicrograph of fish vertebra, covered in fungal hyphae with sand grains attached (EX29: dry
sand kept out of oven); (q) Photomicrograph of fish vertebra. Blue arrows mark white powdery deposits (EX29: dry sand
kept out of oven); (r) Photomicrograph of mammal bone (EX30: wet sand kept in oven); (s) Photomicrograph of carbonate
gravel. Blue arrows mark oxides precipitated on upper surface (EX30: wet sand kept in oven); (t) Photomicrograph of
bamboo. Blue arrows mark peeling, discoloured surface (EX30: wet sand kept in oven); (u) Photomicrograph of bamboo
surface. Note colour change relative to Fig. 5.2n (EX30: wet sand kept in oven); (v) Photomicrograph of fish vertebra (EX31.
wet sand kept out of oven); (w) Photograph of sample EX32 (exposed, kept in oven), taken after 24 months; (x) Photograph
of sample EX33 (exposed, kept out of oven), taken after 24 months; (y) Photomicrograph of mammal bone covered in
fungal hyphae (EX33: exposed, kept out of oven); (z) Photomicrograph of Fish vertebra covered in fungal hyphae (EX33:
exposed, kept out of oven)
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9.7 Supplementary Tables

Functional group and vibration

Classification

Wavenumber (cm−1) frequency

modes
Bat guano from Kaya

Commercial chitin

Data from this

et al (2014)

from Kaya et al

study

(2014)

O–H stretching

-

3437

3437

NA

N-H stretching

-

3263,3105

3261-3103

3263

CH3 sym. stretch and CH2 asym.

Aliphatic

2921

2932

2920

stretch

compounds

CH3 sym. stretch

Aliphatic compound

2853

2862

2850

C = O secondary amide stretch

Amide I

1656

1655

1645 (poor
separation)

C = O secondary amide stretch

Amide I

1622

1621

1635 (poor
separation)

N–H bend, C–N stretch

Amide II

1554

1553

1542

CH2 ending and

-

1411

1428

1439

-

1376

1375

1376

CH3 deformation

CH bend, CH3 sym. deformation
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CH2 wagging

Amide III,

1308

1311

1313

-

1154

1154

1150

-

1115

1115

1110

Saccharide rings

1068

1069

1067

C–O asym. stretch in phase ring

-

1012

1020

1027

CH3 wagging

Along chain

952

951

954

CH ring stretching

Saccharide rings

899

897

898

components of
protein

Asymmetric bridge oxygen
stretching

Asymmetric in-phase ring
stretching mode

C–O–C asym. stretch in phase
ring

Table 9.1 Peak assignment for guano spectra, comparing the spectra produced from guano in this study to spectra
produced from both insectivorous bat guano and commercial chitin by Kaya et al. (2014)
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Band assignment

Wavenumber (cm-1) from

Wavenumber (cm-1) from

Wavenumber (cm-1) from this study

Morris and Finney (2004;

this study (pig rib)

(fish vertebra)

human cortical bone)

Phosphate v2

470

470

472

Phosphate v4

566, 605

559, 599

559, 599

Carbonate v2

860-890

871

878

Phosphate v1

963

961

967

Phosphate v3

1033

1017

1017

Amide II

1520-1560

1538

1542

Carbonate v3

1350-1580

1416

1419

Amide 1

1630-1700

1641

1641

Table 9.2 Peak assignment for bone spectra, comparing the spectra produced from pig ribs and fish vertebrae in this study
to those produced from human cortical bone by Morris and Finney (2004)
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Band assignment

Wavenumbers (cm−1) from
Ascough et al. (2011)

Wavenumbers (cm−1)
from this study

–OH stretching

3400–3320

NA

Aliphatic CHx stretching vibration

3000–2800

NA

1700

1688

1650

1661

1610

1628

Aromatic carbonyl/carboxyl (COOH) C

C

O stretching

O of amide groups

COO−

Aromatic C

C ring stretching

1600–1570

1592

Aromatic C

C ring stretching (lignin)

1510

1515

Aliphatic CHx deformation

1450

1449

Cellulose CH2 symmetric bending

1420–1430

1429

COO−

1380

1376

O–H deformation in COOH

1270–1250

1260

Aromatic C–O

1200–1220

1210

C–O stretch of esters, phenols and ethers

1190

1163

Aliphatic ether C–O– and alcohol C–O stretching

1030–1160

1054, 1024
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Table 9.3 Peak assignment for charcoal spectra, comparing the spectra produced from charcoal in this study to spectra
produced from charcoal by Ascough et al. (2011)

376

Band assignment

Wavenumber (cm-1) from Shi et al. (2012),

Wavenumber (cm-1) from this study,

Pinus Koraiensis

bamboo

C=O stretching in unconjugated ketone

1739

1734

C=O stretching vibration in conjugated

1640

1638

Aromatic skeletal vibrations

1510

1509

CH2 deformation stretching in lignin and

1457

1459

1425

1422

1371

1372

1320

1323

1267

1240

1160

1160

1059

1054

1034

1034

897

898

carbonyl of lignin

xylan

Aromatic skeletal combined with C-H inplane deforming and stretching

Aliphatic C-H stretching in methyl and
phenol OH

Cl-O vibrations in S derivatives, CH inplane bending in cellulose I and cellulose II

Syringyl ring breathing and C-O stretching
in lignin and xylan

C-O-C asymmetric stretching in cellulose I
and cellulose II

C-O stretching vibration (cellulose and
hemicellulose)

C-O stretching vibration (cellulose,
hemicellulose and lignin)

Cl vibration

377

Table 9.4 (previous page) peak assignment for bamboo spectra comparing the spectra produced from bamboo in this study
to spectra produced from Pinus Koraiensis by Shi et al. (2012)
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Chapter 10. Appendix 3: geo-ethnoarchaeological
experiment (Chapter 5) supplementary materials
10.1 Guide to appendix 3
This appendix contains supplementary information related to geochemical and spectroscopic
analyses that were carried out as part of the geo-ethnoarchaeological experiment that forms the
basis of the research carried out in Chapter 5. Sections 10.2–6 contain the spatial and geochemical
data from SEM-EDS spot analyses that were carried out on materials excavated from experimental
samples.
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10.2 SEM-EDS analysis of mammal bone from sample EX-5
SEM-EDS spot analysis of mammal bone from sample EX-5

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

35.96

31.49

C

44.14

29.02

Ca

11.75

25.78

P

6.92

11.73

K

0.25

0.53

Na

0.38

0.48

Cl

0.20

0.39

S

0.08

0.14

FOV: 1.03 mm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 1 2017 22:11

Disabled elements: B, N, Y, Zn
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SEM-EDS spot analysis of mammal bone from sample EX-5

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

33.56

33.12

C

40.27

29.84

Ca

5.79

14.31

N

15.29

13.21

P

3.81

7.27

Mg

0.34

0.51

S

0.20

0.40

Na

0.26

0.37

K

0.14

0.34

Si

0.13

0.22

Cl

0.10

0.22

Al

0.11

0.19

FOV: 1.03 mm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 1 2017 22:11

Disabled elements: B, Y
382

SEM-EDS spot analysis of mammal bone from sample EX-5

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

47.94

46.01

C

42.27

30.46

Ca

9.79

23.53

FOV: 1.03 mm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 1 2017 22:11

Disabled elements: B
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SEM-EDS spot analysis of mammal bone from sample EX-5

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
Si

32.22

50.00

C

66.93

44.42

Sn

0.85

5.59

FOV: 1.03 mm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 1 2017 22:11

Disabled elements: Am, B
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SEM-EDS spot analysis of mammal bone from sample EX-5

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

47.27

41.31

Ca

15.72

34.40

C

37.01

24.28

FOV: 1.03 mm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 1 2017 22:11

Disabled elements: B
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10.3 SEM-EDS analysis of elongate siliceous crystal and surrounding area from
sample EX-12

SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

67.04

53.82

Ca

12.34

24.82

C

11.22

6.76

P

9.39

14.60

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
Si

51.04

65.57

C

27.66

15.20

O

17.26

12.63

Ca

2.08

3.82

P

1.96

2.77

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

44.10

39.76

C

34.42

23.30

P

12.21

21.32

Mg

5.99

8.21

Ca

3.28

7.40

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

37.04

31.95

C

32.60

21.11

Si

23.49

35.57

Al

4.83

7.02

K

1.11

2.33

Ca

0.94

2.02

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

66.01

55.72

C

12.20

7.73

Ca

9.35

19.76

P

7.39

12.07

N

3.15

2.33

Na

1.50

1.83

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
S

28.93

36.51

C

28.55

13.50

O

25.80

16.25

Fe

12.87

28.28

Ca

2.11

3.33

P

1.74

2.12

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

61.02

48.30

C

13.60

8.08

Ca

11.94

23.68

P

9.35

14.33

Na

2.14

2.43

Mg

0.74

0.89

Cl

0.60

1.04

Al

0.52

0.70

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

65.98

45.74

Ca

20.67

35.90

P

12.09

16.23

K

1.26

2.13

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

56.31

41.84

C

17.21

9.60

Ca

14.66

27.30

P

11.39

16.38

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate siliceous crystal and surrounding area from sample EX-12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

55.95

41.47

Ca

20.34

37.77

C

15.09

8.40

P

8.61

12.36

FOV: 689 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:37

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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10.4 SEM-EDS analysis of crystals precipitated on internal voids of bone from
sample EX-12
SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

63.56

50.07

Ca

13.93

27.49

C

12.72

7.52

P

9.78

14.92

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

64.01

50.56

Ca

13.80

27.30

C

12.59

7.47

P

9.59

14.67

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

62.36

48.97

Ca

14.06

27.65

C

13.40

7.90

P

10.18

15.48

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

49.69

50.32

C

42.87

32.59

Ca

3.33

8.44

Cl

2.10

4.72

P

2.01

3.94

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

399

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

46.11

48.42

C

42.65

33.63

B

5.32

3.77

Ca

2.86

7.53

P

1.59

3.23

Cl

1.47

3.43

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

400

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

50.36

48.12

C

38.39

27.54

Ca

6.21

14.86

P

3.24

5.99

Cl

1.05

2.23

Si

0.75

1.27

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

50.69

51.09

C

41.70

31.55

Ca

3.45

8.71

P

2.30

4.48

Cl

1.87

4.17

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

54.42

52.42

C

35.62

25.75

Ca

4.86

11.73

P

2.96

5.51

Cl

2.15

4.58

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

67.16

47.40

Ca

18.77

33.18

P

12.37

16.90

K

0.86

1.49

Si

0.84

1.04

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

56.13

52.85

C

32.12

22.70

Ca

5.86

13.82

P

4.00

7.29

S

0.96

1.81

Si

0.92

1.52

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

405

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

63.09

51.99

C

12.12

7.49

Ca

11.05

22.81

P

8.03

12.82

N

4.05

2.92

Na

1.67

1.97

FOV: 726 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:15

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

406

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

65.77

50.07

Ca

21.93

41.83

C

11.10

6.34

P

1.19

1.76

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

68.66

53.64

Ca

20.42

39.96

C

10.92

6.40

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

408

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

73.20

62.66

C

13.06

8.39

Ca

12.72

27.26

P

1.02

1.69

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

55.13

43.42

C

20.89

12.35

Ca

13.70

27.03

Si

3.45

4.77

Al

2.88

3.83

Fe

2.12

5.82

P

1.82

2.78

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

58.10

47.54

C

22.12

13.59

Ca

16.37

33.55

P

2.83

4.48

Si

0.58

0.84

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

71.11

57.90

Ca

16.38

33.40

C

11.42

6.98

P

1.09

1.72

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

412

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

65.58

56.26

C

19.38

12.48

Ca

13.07

28.09

P

1.39

2.31

Si

0.58

0.87

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

413

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

54.53

37.69

Ca

30.16

52.21

C

12.68

6.58

P

2.63

3.51

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

414

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

60.86

45.51

C

15.70

8.81

Ca

12.75

23.88

P

7.91

11.45

Na

1.28

1.38

Zr

1.12

4.77

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

415

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

63.88

50.57

Ca

13.68

27.14

C

12.90

7.67

P

9.54

14.62

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

416

SEM-EDS spot analysis of elongate crystals precipitated on internal voids of bone from sample EX12

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

50.42

36.31

Ca

20.77

37.48

C

16.35

8.84

P

12.45

17.36

FOV: 610 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 02:24

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

417

10.5 SEM-EDS analysis of bone mineral alteration from sample EX-24

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

63.23

53.00

C

17.91

11.27

Ca

10.74

22.55

P

8.12

13.18

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

418

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

59.74

54.83

C

25.69

17.70

Si

5.79

9.33

Ca

4.07

9.37

P

3.08

5.46

Cl

1.63

3.31

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

419

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

53.93

43.57

C

21.95

13.31

Ca

12.74

25.79

P

9.02

14.11

Na

1.61

1.87

Cl

0.75

1.35

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

420

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

59.50

49.01

C

18.66

11.54

Ca

11.40

23.52

P

8.48

13.52

Na

1.57

1.86

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

421

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

61.40

42.22

Ca

17.90

30.84

P

11.73

15.62

Si

5.83

7.04

Al

1.89

2.19

K

1.24

2.09

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

422

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

52.32

45.19

C

29.91

19.39

Ca

8.19

17.71

P

6.08

10.17

Cl

1.54

2.95

Si

1.53

2.32

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

423

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

57.26

50.70

C

22.88

15.21

Ca

5.47

12.12

Si

4.72

7.33

P

4.37

7.49

Na

3.53

4.49

Al

1.78

2.66

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

424

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

61.80

41.79

Ca

20.88

35.38

P

12.48

16.34

Si

2.40

2.85

S

1.30

1.76

K

1.14

1.89

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

425

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

57.72

50.80

C

25.55

16.88

Ca

8.31

18.33

P

6.23

10.61

Si

2.19

3.38

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

426

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

54.57

47.01

C

27.47

17.76

Ca

10.18

21.96

P

6.63

11.07

Cl

1.15

2.20

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

427

SEM-EDS spot analysis of bone mineral alteration from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

55.21

46.68

C

24.47

15.53

Ca

9.91

20.99

P

7.01

11.47

Si

1.96

2.92

Cl

0.80

1.49

Al

0.64

0.91

FOV: 488 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 22:59

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

428

10.6 SEM-EDS analysis of interaction between bone mineral and clay from sample
EX-18

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

62.15

50.37

Si

15.52

22.08

Al

9.57

13.08

C

7.78

4.73

K

1.60

3.17

Fe

1.22

3.44

Mg

0.96

1.18

S

0.66

1.07

P

0.57

0.89

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
429

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

64.02

52.92

Si

12.66

18.37

Al

9.51

13.25

C

8.98

5.57

K

1.69

3.42

Fe

1.01

2.90

Mg

0.85

1.06

P

0.75

1.20

Ti

0.53

1.31

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

430

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

60.48

51.02

Al

28.80

40.97

C

9.57

6.06

Si

1.09

1.61

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

431

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

57.73

46.06

Si

18.62

26.08

C

10.32

6.18

Al

6.85

9.21

K

5.35

10.44

Ca

0.60

1.20

P

0.54

0.83

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

432

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

66.80

57.80

Si

20.48

31.12

C

9.72

6.31

Al

2.45

3.58

Ca

0.55

1.19

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

433

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

68.23

48.95

Ca

16.82

30.22

P

11.57

16.07

Al

1.03

1.24

K

0.87

1.52

Si

0.80

1.01

S

0.67

0.97

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

434

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

67.57

53.93

Ca

11.52

23.03

C

9.34

5.60

P

8.89

13.73

Si

1.84

2.58

Al

0.84

1.12

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

435

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

64.92

61.35

C

22.34

15.85

Si

5.66

9.39

Al

3.77

6.01

Ca

1.41

3.34

P

1.02

1.87

K

0.58

1.34

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

436

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

63.85

61.57

C

25.71

18.61

Si

4.01

6.79

Al

1.96

3.19

Ca

1.84

4.44

P

1.63

3.04

S

0.91

1.76

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

437

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

69.89

57.42

C

12.42

7.66

Ca

8.87

18.25

P

5.86

9.32

Zr

0.88

4.11

Al

0.87

1.20

Si

0.74

1.06

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

438

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-18

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

69.60

58.86

C

12.02

7.63

Ca

8.39

17.77

P

6.08

9.96

Si

1.23

1.83

Na

1.11

1.35

Al

1.02

1.45

K

0.56

1.15

FOV: 707 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:40

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

439

10.7 SEM-EDS analysis of interaction between bone mineral and clay from sample
EX-24
SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

71.58

59.32

C

9.88

6.15

Ca

8.21

17.04

P

7.05

11.32

Na

1.36

1.62

Al

0.79

1.11

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

440

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

71.57

58.34

C

9.37

5.73

Ca

7.86

16.05

P

6.93

10.93

Na

1.96

2.30

Al

0.91

1.25

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

441

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

68.56

54.19

C

11.96

7.10

Ca

9.75

19.30

P

8.05

12.32

Al

0.75

1.01

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

442

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

70.10

55.51

C

10.48

6.23

Ca

9.80

19.44

P

7.75

11.88

Al

0.70

0.94

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

443

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

69.48

58.37

Si

11.79

17.38

C

6.61

4.17

Al

5.29

7.50

K

3.21

6.59

Ca

1.31

2.75

Na

1.23

1.49

P

1.08

1.76

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

444

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

68.94

56.15

Ca

11.28

23.01

C

10.72

6.56

P

9.06

14.29

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

445

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

69.99

57.54

Ca

10.92

22.49

C

10.69

6.60

P

8.41

13.38

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

446

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

69.37

56.10

Ca

11.39

23.07

C

9.52

5.78

P

8.91

13.95

Al

0.81

1.10

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

447

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

70.29

58.00

C

10.67

6.61

Ca

10.62

21.95

P

8.42

13.45

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

448

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

69.49

49.84

Ca

16.27

29.23

P

11.37

15.79

Al

0.89

1.07

K

0.82

1.43

S

0.78

1.12

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

449

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

67.88

48.81

Ca

16.46

29.64

P

11.43

15.91

Na

1.06

1.10

Al

0.97

1.17

K

0.94

1.64

S

0.72

1.04

Si

0.55

0.69

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

450

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

67.97

60.99

C

14.19

9.56

Ca

6.24

14.02

N

4.36

3.42

P

3.89

6.76

Si

2.69

4.24

Al

0.66

1.00

FOV: 746 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 19 2019 23:53

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

451

10.8 SEM-EDS analysis of interaction between bone mineral and clay from sample
EX-24 (close-up)

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24 (close-up)

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

64.93

50.16

C

12.85

7.45

Ca

10.94

21.17

P

8.54

12.78

Na

1.62

1.80

Al

0.62

0.80

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

452

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

70.10

57.57

C

10.47

6.46

Ca

8.80

18.10

P

7.79

12.38

Na

1.31

1.55

Al

0.77

1.07

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

453

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

67.84

53.95

C

12.97

7.74

Ca

9.41

18.74

P

7.66

11.79

Al

0.79

1.06

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

454

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

72.52

60.47

C

8.98

5.62

Ca

7.72

16.13

P

7.02

11.34

Na

1.61

1.93

Al

0.76

1.06

Mg

0.70

0.89

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

455

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

70.54

58.81

C

12.10

7.57

Ca

8.51

17.76

P

6.94

11.19

Al

0.68

0.96

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

456

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

64.63

50.23

C

13.57

7.92

Ca

10.89

21.20

P

8.48

12.76

Al

0.81

1.06

S

0.62

0.97

Si

0.58

0.79

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V

457

SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
Si

36.83

50.79

O

33.52

26.33

C

25.00

14.74

Ca

2.36

4.65

P

2.29

3.48

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

74.20

65.70

Si

15.59

24.23

C

7.73

5.14

Ca

1.34

2.98

P

1.14

1.95

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

73.74

66.93

C

11.28

7.68

Si

10.74

17.12

Ca

1.85

4.20

P

1.70

2.99

Al

0.68

1.04

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

65.75

50.02

C

11.33

6.47

Ca

10.47

19.96

P

8.58

12.64

Na

1.47

1.61

Al

0.84

1.07

S

0.55

0.84

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

72.18

53.57

Ca

15.08

28.03

P

10.89

15.65

Al

1.07

1.34

K

0.78

1.42

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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SEM-EDS spot analysis of interaction between bone mineral and clay from sample EX-24

Element Atomic Weight Oxide Stoich.
Symbol Conc. Conc. Symbol wt Conc.
O

65.26

50.04

C

11.76

6.77

Ca

10.14

19.48

P

8.46

12.57

Na

1.52

1.67

Al

0.95

1.23

Mg

0.69

0.81

FOV: 149 µm, Mode: 15kV - Map, Detector: BSD Full, Time: DEC 20 2019 00:09

Disabled elements: Br, Dy, Lu, Nb, Pm, Tb, Te, V
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Chapter 11. Guide to Electronic Appendix

Guide_to_Electronic_Appendix: text document containing details of files supplied in the electronic
appendix

Supplementary_Information_Chapter_4_XRD_results: Diffractograms
produced through X-ray diffraction analysis (details in Section 4.6.3), with 2 theta values expressed as
x,y values in an Excel worksheet.

Supplementary_Information_Chapter_4_sedimentological_and_pXRF_results:
Results of portable X-ray fluorescence (pXRF), particle-size and loss-on-ignition
Analyses carried out in chapter 4, presented in Excel worksheet.

Supplementary_Information_Chapter_4_age_depth_Column_1: Excel
spreadsheet containing ages of sediment samples from sediment sample
column "Column 1" and their depths from the top of Column 1, used in statistical analyses in Chapter
4.

Supplementary_Information_R_code: Plain text file containing R code used for
multivariate statistical analysis of pXRF data in Chapter 4.
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